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The plant Golgi apparatus is composed of many separate stacks of cisternae which are often associated with the endoplasmic reticulum
and which in many cell types are motile. In this review, we discuss the latest data on the molecular regulation of Golgi function. The concept
of the Golgi as a distinct organelle is challenged and the possibility of a continuum between the endoplasmic reticulum and Golgi is
proposed.
D 2005 Elsevier B.V. All rights reserved.Keywords: Plant Golgi apparatus; Membrane flow; Protein trafficking1. Introduction
Early electron microscopy (EM) studies revealed that
plant cells contained organelles composed of closely
apposed lamellae or cisternae, similar to the Golgi stacks
described in mammalian cells [1,2]. This initiated decades
of work on the biochemistry and the ultrastructure of the
plant Golgi apparatus (GA). Since then, the unique aspects
of the organisation and function of the plant GA has been
regularly reviewed [3–6] and the differences in its
organisation compared to other eukaryotes have often been
discussed [6–8]. However, the unravelling of the genetic
make up and molecular machineries of the plant secretory
pathway has revealed significant homology with the
mammalian and yeast counterparts [4–6,9]. Yet, despite
this presence of highly conserved genes, the mechanisms by
which the expression of these genes results in such
phenotypic differences in both the structure and function
of the plant GA has still to be unravelled. This also raises
the question as to whether there is a basic set of rules that
governs the operation of the secretory pathway across the
kingdoms that can result in the varied levels of organisation0167-4889/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2005.03.009
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E-mail address: chawes@brookes.ac.uk (C. Hawes).reported to date. In this review, we consider some of the
most recent observations on the organisation and dynamics
of the plant Golgi apparatus and attempt to reconcile these
with some of the earlier work on Golgi structure.2. The plant Golgi apparatus: an organised profusion of
membranes with adaptive specialisations
EM studies (structural, autoradiographical, immunocyto-
chemical) have traditionally provided the basis on which the
organisation and the function of the plant Golgi apparatus
has been described [8,10,11]. More recently, the develop-
ment of specific probes (antibodies, fluorescent protein-
based Golgi markers) has permitted the visualisation of the
Golgi apparatus by fluorescence microscopy [12,13]. It is
now possible to carry out in vivo experiments on Golgi
function and dynamics [9,14–17]. Moreover, imaging
whole cells has permitted a better understanding of the
structural and functional relations between the GA and its
neighbouring membranous compartments, in particular
between the ER and the GA [18–20].
As for other eukaryotic cells, the plant GA is a pivotal
organelle in the secretory pathway, being a cross-roads in
various trafficking events. Golgi compartments receive mosta 1744 (2005) 465 – 517
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ER may by-pass the Golgi by a number of mechanisms. In
the cereals and grasses ER, processed storage proteins may
simply concentrate (oligomerise) and segregate within the
ER lumen, and evolve into distinct storage compartments
[21–23]. In cucurbits, so-called PAC vesicles (precursor
accumulating vesicles) may carry protein cargo directly
from ER to a storage vacuole [24].
Within the GA, ER-derived cargo molecules are further
glycosylated, and the synthesis of complex polysaccharides
characteristic of plants is undertaken. The plant Golgi is
specialised in the synthesis and the export of complex
glycans to the cell surface to organise the cell walls, which
are mainly composed of polysaccharides (cellulose, hemi-
celluloses and pectins) [25,26]. Golgi-derived secretory
vesicles carry these macromolecules to the plasma mem-
brane [27,28]. Although synthesis of cellulose takes place
on the plasma membrane, it also depends on the transport of
membrane-bound enzymes, the cellulose synthases, from
the Golgi to the plasma membrane. Certain glycosylation
events are specific to the plant kingdom such as the addition
of fucose and xylose to glycan chains [29–32] and recently
a family of sugar transporters needed for complex poly-
saccharide synthesis has been described and located to the
GA [33]. Lipid modifications are also important, many tasks
taking place at the Golgi level, leading to a plant specific
plasma membrane composition [34–36].
Mature cargo molecules (membrane or soluble) are
differentially routed within the cell. Thus, another major
function of the GA is the sorting and packaging of wall
macromolecules and cargo proteins in membrane-bounded
carriers to be targeted to their final destination. They may
either reach the plasma membrane by exocytosis or other
compartments of the endomembrane system, such as the
vacuole, often via intermediate compartments such as the
prevacuolar compartment (PVC). Here again, the processes
are adapted to the cell type and the occurrence of a
pleiomorphic and multifunctional vacuolar system is unique
to plants [37,38].
Besides its pivotal role in secretion and vacuolar trans-
port, the plant Golgi apparatus may also be involved in
membrane recycling processes, either from plasma mem-
brane [39,40], from the vacuolar system [41], or in the
recycling of ER membrane [18,19].
A real challenge for the cell biologist is to understand
how this transfer of cargo molecules is achieved within the
endomembrane system. The development of cell-free
assays, allowing the reconstitution of protein transport
through the GA in mammalian systems resulted in the
concept of trafficking by vesicular carriers [42,43]. It
suggests that a membranous compartment (donor compart-
ment) is able to provide a vesicle (carrier), which will fuse
with another membranous compartment (acceptor compart-
ment). In this concept, the compartments remain static.
However, the early EM studies of Morre et al. describe the
plant Golgi apparatus as a complex tubulo-saccular struc-ture, with some contacts with endoplasmic reticulum
[11,44–46]. Their observations raised the hypothesis of a
membrane continuum within the endomembrane compart-
ments. Finally, the description of the Golgi in some protists
[47–51] has been the basis for the so-called cisternal
maturation model. As cell wall scales were observed within
the cisternal lumen, this model proposed that cisternae
progressively move down the stack. These observations
suggest that Golgi cisternae may evolve with time into
different physiological or functional entities.
Whatever the nature of the cargo carriers in the Golgi
stack, they appear to be associated with specific molecular
machineries, and to be sensitive to the secretory inhibitor
Brefeldin A (BFA). After BFA treatment Golgi markers
have been reported to be either redistributed to the ER
[13,19] or they accumulate within ‘‘BFA compartments’’
which by electron microscopy can comprise clusters of
Golgi-derived vesicles [12,52,53]. In the former case, hybrid
membrane structures composed of ER and Golgi have been
reported in tobacco BY2 cells [54]. Such effects appear to
depend on cell type and/or physiological conditions of the
cells.
The occurrence of specific molecular machinery asso-
ciated with endomembranes is now well established. Coat
proteins (COPI, COPII, clathrin), small GTPases (Rabs, Arf,
Sar1, Rac), fusion proteins (SNARES) and many others,
appear well conserved throughout the eukaryotic kingdom,
and their identification has in many instances paralleled the
development of the vesicle carrier theory [55,56]. In plant
cells, the majority of the COP I and COP II machinery and
their associated effectors (respectively Arf and Sar1) has
been cloned [57–60], although the exact role of the coat
complexes in membrane and cargo transport has yet to be
elucidated (see Section 3.2). Clathrin coated vesicles appear,
as in mammalian cells, to be involved in the transport of
hydrolytic enzymes from export sites at the trans-Golgi, to
the vacuolar system ([43]; see Section 4.2). Regulation of
the budding and fusion events between compartments is
associated with the Rab [61–63] and SNARE [64,65]
protein families, regulating specific steps of trafficking
pathways, some of them being plant specific. Besides these
protein families involved in membrane remodelling, some
proteins have been identified as potential stabilisers for
Golgi membranes, and described as ‘‘Golgi matrix pro-
teins’’. A few homologues can be found in the Arabidopsis
genome, although a specific role in organisation of the Golgi
has not yet been shown ([6,66], see Section 5). Finally, the
families of motor proteins or their regulators, which should
assure the transport of carriers between two compartments,
are still poorly documented in plant cells [67–70].
Most of the data obtained by fluorescence microscopy
have been interpreted taking into account the knowledge
gained from earlier EM studies. However, in the latter case,
a compartment has often be identified on morphological
parameters meanwhile, in the former case, a compartment is
identified by its ability to be recognised by specific markers.
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the plant GA in the light of recent fluorescence studies,
ignoring all the preconceptions from many years of electron
microscopy. Ultrastructural evidence can then be mapped
onto hypotheses generated from the recent immunocyto-
chemical and live cell imaging studies.Fig. 1. Dual expression of a signal peptide-GFP-HDEL construct and a rat
sialyl transferase signal anchor sequence-RFP in an epidermal cell of a
tobacco leaf. Note the close association of the Golgi bodies with the ER
network. Micrograph courtesy of John Runions, Oxford Brookes Univer-
sity. Bar=10 Am.3. The ER–GA complex
3.1. The ER–GA complex by light microscopy
The plant ER may be labelled with fluorescent dyes such
as DiOC6 [71,72], by antibodies directed against soluble or
membrane bound reticuloplasmins (i.e., proteins specifically
identified as ER-resident such as calreticulin and calnexin)
[73], against the ER-retention HDEL/KDEL sequences [74],
or by specific GFP fusions [13,40]. In all cases, the ER
appears as a membranous tubular network often mainly
restricted to the cortex of mature cells and connected to the
nuclear envelope. Although much talked about, with the
exception of putative exit sites (see Section 3.2 below), from
such studies, there is little evidence of specific sub-domains
on the ER.
In contrast to the ER tubular network, staining of the
plant GA reveals a punctate pattern composed of hundreds
of distinct structures approximately 1 Am in diameter, as
revealed using antibodies against peripheral glycoproteins
[12,75]. Likewise, fluorescent protein fusions to a variety of
proteins including the H/KDEL receptor, various mamma-
lian and plant transferase signal anchor sequences, and sugar
transporters, have all successfully located the plant GA
[4,13,14,19,76,77].
All Golgi enzymes identified so far are integral mem-
brane proteins. The mechanisms by which they remain
specifically in Golgi appear to be related to the signal
anchor sequence comprising the trans-membrane domain
and flanking amino acids [78]. Interestingly, the signal
anchor sequences from both rat and human transferases are
sufficient for successfully targeting GFP to the plant Golgi
indicating a consensus in mechanisms across kingdoms
[13,19,79].
Labelling in living cells has shown that Golgi stacks are
not static, but as well as moving in classic cytoplasmic
streams, they also exhibit more specific movements.
Individual Golgi stacks can move as fast as 2 Am per
second [13,14], in an actin dependent fashion. Indeed,
depolymerisation of actin induces the clumping of Golgi
bodies within cells [80] and results in a cessation of
movement [13]. It is assumed that the motor driving the
Golgi is myosin. However, a Golgi-associated kinesin has
also been identified in cotton and arabidopsis (GhKine-
sin13a and AtKinesin-13A) [81,82] and Golgi bodies were
also shown in association with microtubules. It was
suggested that microtubules may also be involved in the
organisation of Golgi bodies at the cell cortex, although theauthors concluded that kinesin-13A does not in fact
contribute to the primary movement of the Golgi.
Co-visualisation of ER and the GA suggests that Golgi
bodies are associated with the cortical ER network. When
fused to GFP and expressed in tobacco leaf epidermal cells,
the arabidopsis homologue of the H/KDEL receptor
AtERD2 is localised both in the ER membranes and Golgi
membranes [13,18,19]. Golgi bodies appear attached to the
ER membranes and appear to move over the surface of the
ER tubules. This close association can also be seen with
dual expression of an ER construct such as signal peptide-
GFP-HDEL and ST-mRFP (Fig. 1). Preliminary studies
using optical tweezers in an attempt to separate fluorescent
Golgi bodies from ER confirm the strong attachment of
Golgi membranes to the ER (Leru and Brown, unpublished
data). The fact that biochemical separation between ER and
Golgi membranes is difficult in plant cells further confirms
the tight association between ER and GA. These features
indicate a possible membrane continuum between ER and
Golgi. Most of these live cell imaging studies have been
performed on the current models used in plant cell bio-
imaging, mostly BY-2 cells, tobacco and arabidopsis leaves.
The relation between ER and Golgi may, however, differs
according cell specialization and should be further inves-
tigated in other tissues.
The structural and functional link between the ER and
GA and the kinetics of transfer of membrane cargo
molecules between ER and GA have been investigated
using fluorescence recovery after photobleaching (FRAP)
techniques. FRAP of Golgi targeted GFP constructs in
tobacco leaves has shown that transfer of cargo molecules
from the ER to Golgi is energy dependent, but not
dependent on the cytoskeleton. Such transport can occur
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moving [18,20]. These data supported the hypothesis that
there may be some form of structural continuity between the
two organelles permitting direct transfer of cargo without
the requirement for vesicle vectors. It also questions the
mechanisms of putative retrograde transport by vesicle
carriers.
3.2. The ER–GA complex associated machinery
If there are in some instances direct connections between
the plant ER and Golgi bodies, even if they are transitory,
can this be reconciled with the presence of specific
molecular machinery? Presumably, a microdomain in the
ER membrane has to become competent either for produc-
ing a profusion of membrane, which either evolves into GA
membranes, or is capable of fusing to or bridging to the
existing Golgi membrane. It is therefore not unreasonable to
expect that specific molecular machinery will accumulate at
the sites where Golgi stacks are attached to the ER.
3.2.1. The COPII machinery
It has been suggested that COPII coats may be necessary
for ER to Golgi transport processes in plant cells [60,83–
86]. Recent data suggest that Sar1p, the activating GTPase
for COPII coat recruitment could play an essential role in
the formation of ER microdomains associated with Golgi
membranes. In the presence of Golgi targeted GFP
constructs Sar1p defines punctate structures on the ER
membranes, as does the GTP-locked mutant of the protein at
low levels of expression [20]. The requirement of Sar1p for
export out of the ER has been demonstrated in vivo by
inhibition of secretion after the expression of non-functional
mutant forms of the protein [20,83,87]. Double expression
of fluorescent protein Sar1p and Golgi constructs showed
them to apparently co-localise on the ER membrane and to
move together as a unit along the ER membrane. Because of
this, the concept of a motile secretory complex consisting of
Golgi and ER exit sited was proposed [20]. Over expression
of both GTP and GDP locked mutants of Sar1p resulted in a
redistribution of Golgi markers to the ER, resulting in a
phenotype similar to that observed after BFA treatment
[20,83,87].
Biochemical studies have shown that Sar1P mediates
the recruitment of two major protein complex (sec13/31p
and Sec23/24p), building up the typical COPII structures
described in mammalian cells [60]. In plant cells, no
functional studies of these proteins have been described,
nor the binding of COPII to specific motifs of Golgi
resident proteins. A recent report suggests that a
cytoplasmic dibasic motif within Sar1p may function as
a receptor for Golgi resident enzymes in mammalian cells
[88]. Thus, the occurrence of specific bonds between GA
proteins and Sar1p may contribute to the differentiation of
specific ER microdomains competent for producing Golgi
membranes.The GTPase activity of Sar1p is regulated by an
exchange factor, Sec12p, which in tobacco leaf epidermal
cells has been shown to be uniformly distributed over the
ER network. Therefore, it should not play a role in the
differentiation of ER membranes into Golgi. This distribu-
tion of Sec12 is similar to that in Saccharomyces cerevisiae
where the Golgi exists as dispersed individual cisternae
[8,89]. However, in Pichia pastoris, which has static Golgi
stacks, Sec12p is restricted to the ER export sites [89].
Perhaps, the distribution of Sec12 is dependent on the
relative mobility of the Golgi and the export sites feeding
them.
In mammalian and yeast cells, it has been proposed that
COP II components act in a highly regulated manner to
recruit some specific ER membrane areas in coated vesicles,
which in turn would transport these membranes and their
associated cargo molecules to an intermediate compartment
forming discreet transport vesicles [90]. As can be seen
from the recent work described above, this concept may
very well not be applicable to plant cells. Data strongly
suggest that COPII components may indeed be needed for
some cargo accumulation and for regulating export out of
the ER [59]. However, there is, to date, no experimental
argument to suggest that COPII vesicles exist or are the
carriers for cargo export between the ER and GA. The fact
that in many plant cells, this ER/GA step is cytoskeleton
independent is a further argument against the involvement
of a specific vesicle carrier between the two compartments
[18,19]. Interestingly, it has also been shown that in plants,
transport from ER to GA can also be COPII independent
[91]. The concept of the biogenesis of COPII independent
carriers from ER export sites is also becoming fashionable
in mammalian cells [92,93].
3.2.2. The COPI machinery
Homologues of the proteins of the COPI coatomer
complex in plants have been cloned [57,58,60,94]. Immuno-
fluorescence studies have shown the proteins located to the
Golgi with no evidence of any location on the ER, and they
may react differently to BFA according the plant material
studied [54,95,96]. COPI components seem to interact in
vitro with the di-lysine motifs of specific ER membrane
proteins [94]. In the animal kingdom, COPI is thought to be
involved in retrograde transport from GA to the ER
although there are little data which confirm this direction-
ality in plant cells.
Interestingly, the location of Arf1P, the COPI-associated
GTPase, does not seem to be restricted to the GA. GFP
constructs have shown ARF1 to be located at the Golgi [97],
but immunofluorescence has also shown that the protein
may be located on the ER, and the plasma membrane [95],
suggesting that it may function at different levels of the
secretory pathway. It may very well have multiple roles in
that it functions in the trafficking of the H+ ATPase from the
GA to the plasma membrane, in the positioning of sialyl-
transferase to the Golgi, in the maintenance of the
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vacuolar secretion [97,100]. Thus, there is increasing
evidence that ARF1 acts at multiple sites in the cell and
may participate in membrane remodelling with distinct
mechanisms apart from its COPI recruitment function. Such
specific ARF1 activities may be regulated by the specificity
of effector molecules such as ARF GEFs (guanine nucleo-
tide exchange factors [96,101], or ARF-GAPs (GTPase-
activating proteins, [102]).
The question remains as to whether ARF or COPI play a
role in regulation of the ER/Golgi complex? Although there
are, to date, little functional data to suggest COPI coat
involvement in ER/GA cargo exchanges, BFA has been
shown to affect fluorescence recovery of bleached Golgi–
GFP constructs [18]. Also, a GTP-locked (Q71L) mutant of
Arf1 has been shown to inhibit the targeting of sporamin–
GFP to the vacuole in arabidopsis protoplasts, resulting in a
build up of fluorescence in the ER [97]. These data suggest
that in plant cells Arf1p may play a major role in the
construction of ER export sites and in Golgi biogenesis from
export sites, as has been proposed for mammalian cells
[103].
The exact functions of COPI and COPII complexes, as in
animals, still have to be elucidated in plant cells. Their
ability either to form coated vesicles or to define specific
recruitment domains within ER and GA membranes may be
necessary for modelling the membrane dynamics (creation
of microdomains) and maintaining the identity of each
membrane [95]. This may require such a total interdepend-
ence of the COPII and COPI pathways for the recycling of
regulatory machinery such as the SNARE fusion molecules,
that disruption of either route will result in the collapse of
the other [6].Fig. 2. The likely location of some of the Golgi associated proteins identified to da
one cisternum although it is likely that the TGN may in cases slough off from the G
such as CASP, Golgin 84, AtGRIP and some of the SNAREs has yet to be deter3.2.3. Regulatory machinery at the ER/Golgi interface
No matter what the exact structural nature of the ER/
Golgi interface is in plant cells, it is becoming clear that
other proteins shown to be involved in this transport step in
mammals and yeasts most likely operate in plants as well.
Recently, from an analysis of the NCBI protein database,
out of 54 SNARES in the arabidopsis genome, 15 SNARE
molecules have been identified as being located to the ER
and Golgi apparatus [104]. Of these, 6 were ER localised.
Thus, there are a number of SNARES potentially involved
in ER to Golgi transport, and their exact function are
currently under investigation.
Similarly, functional studies on plant Rab proteins are
still in their infancy. At least one Rab protein has been
shown to regulate ER to Golgi transport in plants. A
dominant inhibitory mutant of the arabidopsis homologue of
Rab1 (AtRabD2a previously AtRab1b) [62,63] has been
shown to affect transport of a secretory version of GFP out
of the ER in tobacco leaf epidermal cells [105]. This effect
was rescued by co-expression of the wild type protein but
not by other Rabs. The same construct also slowed down the
reformation of Golgi stacks in tobacco leaves after BFA
induced redistribution of Golgi membrane into the ER [19].
Likewise, it has also been suggested that an arabidopsis
homologue of Rab2 (NtRabB2) may regulate transport of
cargo between the ER and Golgi in pollen tubes [106]. The
likely locations of these plant Golgi associated proteins are
summarised in Fig. 2.
3.3. The ER/GA complex at the ultrastructural level
Electron microscopy of higher plant cells has not
revealed the geometrical organisation of the corticalte in plant cells. The trans-Golgi and trans-Golgi network are represented as
olgi stack. The exact location of many of the proteins within the Golgi stack
mined.
Fig. 3. Golgi stack in tangential view in maize root cell (reduced osmium/
silver proteinate staining, outlining the carbohydrates). Periphery of the
Golgi stacks is organised in tubular areas and connective links between
cisternae can be seen. Secretion products segregating at the tubular
periphery of the Golgi are intensively stained.
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fluorescent dyes or GFP expression. Although the cortical
distribution of ER in cells has been reported many times
[107,108], specific ER exit sites associated or not with
coated vesicles have not yet been reported from either
thin section or freeze-fracture EM. Similarly, the structural
association between ER and Golgi is not immediately
obvious from conventional electron micrographs. In
contrast to what has been described from in vivo imaging
with Golgi targeted GFP constructs, when observed in
ultra-thin sections, Golgi stacks may appear to be remote
from ER membranes. However, observations on thick
sections have revealed the presence of interconnections
between ER tubules and the tubular periphery of the
Golgi stacks [8,109,110]. Moreover, ER membranes and
cis-Golgi membranes show similar reactivity to cytochem-
ical agents, suggesting a close biochemical relationship
[8].
The polar organisation of the GA has been determined
from ultrastructural studies and has often been correlated
with a functional subdivision of the stack into cis-medial and
trans-cisternae. According to the concept of membrane flow
described by Mollenhaueur and Morre´ [11], the cis face
would correspond to the entry site/forming face of the Golgi,
and the trans-face to the exit/maturing site. This subdivision
does not correspond however to a strict compartmentation of
Golgi markers. The products of Golgi enzymes have been
shown to be distributed in a differential manner over the
plant Golgi stack [29,30,111], and they may correspond to
microdomains linked to progressive metabolic events
rather than a strict compartmentation. Likewise, storage
proteins, such as legumin and vicilin in developing pea
cotyledons, have been shown to mature and be segregated
into vesicles as far back as the cis-face whilst other
proteins can be inserted into the same vesicles as they
migrate towards the trans-face [112,113]. Negative staining
of isolated plant Golgi stacks showed the occurrence of
many interconnections between the cisternae as well as
tubules forming networks at the periphery of the cisternae
[114]. In thin and thick sections of tissue in which
endomembranes were stained selectively with osmium
tetroxide/zinc iodide the appearance of membranous
tubules forming a continuous network within the Golgi
stack has also been reported by several authors ([4,8,109,
115] see also Fig. 3).
In summary, in vivo imaging suggests an ER/Golgi
continuum and some EM data supports this hypothesis.
However, to date, ultrastructural studies have often been
based on slow chemical fixation and cytochemical
reactions, which may induce structural artefacts, although
most of the basic features of the Golgi stack have been
confirmed by the application of ultra-rapid freezing
techniques [4,116]. It will probably require a combination
of freezing technology, freeze-substitution and EM
tomography to reveal the true structure of the plant
Golgi stack and the ER/Golgi interface at relatively highresolution and we can expect this to vary between cell
types with different cargo export programmes.4. The Golgi stack and post-Golgi complex
The conventional scheme of plant trafficking pathways
suggests that cargo molecules on exit from Golgi stacks, are
transported either to the cell surface (exocytosis) or to the
vacuolar compartments (vacuolar secretory pathways). The
major questions to be answered are at which structural level
do Golgi membranes acquire the ability to differentiate
between these pathways and what is the level of involve-
ment of post-Golgi intermediate compartments in this part
of the secretory pathway?
The current picture for trafficking events downstream
of the Golgi is complex and somewhat confusing. The
identification of post-Golgi compartments by fluores-
cence microscopy has been hindered due to a dearth of
specific markers for such organelles. Except for one
attempt [117], they have also never been biochemically
isolated, and thus their definition remains quite empiri-
cal. In the last few years, a number of molecular
markers for the trans-Golgi and post-Golgi compartments
have been identified, including SNARES, Rabs and
sorting receptors [61,104,118–120], but the ultrastruc-
tural location of many of these proteins has yet to be
confirmed. The complexity is reinforced by the fact that
several vacuoles exist in plant cells, suggesting different
vacuolar pathways, which in some cases may even
overlap [37,38]. As in mammalian cells, it is most likely
that there is a confluence of the endocytic and secretory/
vacuolar pathway downstream of the Golgi apparatus
[40,41].
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Leaving the Golgi stack for the plasma membrane is one
option for secretory molecules. All fluorescence labelling
experiments suggest a direct rapid and specific transfer to
the plasma membrane as no specific intermediate compart-
ments between the GA and plasma membrane are labelled
by the secretory products either newly synthesised or
processed in the GA [52,105,121,122]. This difficulty in
imaging secretory products in transit is most likely related to
either a low level of product, or to the speed of transport
through the system. To further reinforce this hypothesis,
blocking secretion by brefeldin A often causes an accumu-
lation of the secretory products, either within the cytoplasm
into post-Golgi ‘‘BFA compartments’’ [52,121], or within
the ER [105,122,123].
Data on the recycling of membrane proteins suggest that
the BFA compartments may represent an amplification of a
pre-existing compartment, or may be formed de novo from
Golgi or plasma membrane (see discussion in [6,41]).
Whether this compartment is an intermediate along the
secretory pathway, which also has a recycling function, has
still to be clarified.
As it stands, these data provided by light microscopy
suggest that exit from the GA to the plasma membrane
occurs by bulk flow, without other checkpoints on the way
to the cell periphery. The transport of polysaccharide
molecules from GA to the plasma membrane may be easily
mapped by EM either by specific cytochemical staining
[124] or by immunolocation of Golgi-derived products
[125,126]. This transport from GA to cell surface is
mediated by secretory vesicles of varying size which can
carry mixed cargos of polysaccharides [125] or polysac-
charides and glycoproteins [126]. The secretory vesicles
may be considered as the final processing compartment for
cargo maturation as esterification of pectins or further
polymerisation of polysaccharides may occur within the
vesicles during transport to the plasma membrane (Vian B.,
personal communication). To date, no protein coats have
been found associated with such secretory vesicle. Their
maturation can be associated with different Golgi cisternae
[8], and electron microscopy suggests that they may detach
at different levels down the Golgi stack [126]. Biochemical
studies suggested that targeting of GA-derived soluble cargo
products is by default. No positive signals have been found
associated with the transport of ER/GA-derived secretory
products to the plasma membrane [127].
The situation with membrane proteins has, however,
been controversial, as both the tonoplast and the plasma
membrane have been considered as the default pathway for
membrane proteins [128,129]. Certainly, the transmembrane
domain (TMD) of single pass membrane proteins is capable
of directing chimeric proteins to different membranes. GFP
constructs made with the membrane-spanning domain of the
human lysosomal protein LAMP1 are directed to the plasma
membrane. However, deletions in the TMD resulting in 20or 17 amino acids resulted in the constructs being resident in
the Golgi and ER, respectively [130]. Likewise, when the
TMD of a protein usually targeted to the vacuolar pathway
(the vacuolar sorting receptor BP80) was increased to 22
amino acids the GFP reporter was transported to the plasma
membrane. However, at least for polytopic proteins like
plasma membrane H+ ATPases, it has been recently
proposed that one or more signals may be required for
sorting through the exocytic pathway [122].
In all cases, involvement of molecular equipment such as
coat complex, adaptors or receptors have never been
reported to be associated with polysaccharide or glycopro-
tein sorting to the plasma membrane. Arf1p and COPI
antibodies have shown in certain cases a staining of both
Golgi and plasma membrane [95]. However, this dual
location may reflect recycling by COPI vesicles between the
new plasma membrane being formed (made of Golgi-
derived membranes) and the Golgi stacks [95]. A total of 18
different SNARE proteins have been located to the plasma
membrane [104] which have the potential for conferring
some level of specificity on vesicle fusion. However, it has
also been suggested that some of these proteins may also act
in a signalling capacity which may explain the high number
of plasma membrane SNARES [131].
The possibility of differential targeting within the
exocytotic pathway has arisen from studies on proteins
associated with auxin efflux (PIN proteins) which have a
polar distribution in the basal plasma membrane of
Arabidopsis root cells [101,132]. However, this hypothesis
has still to be proven and preliminary studies strongly
suggest that the insertion of PIN proteins within membranes
may first occur in a non-polar fashion, and that polarity
would be the result of post-deposition organisation of the
proteins within the plasma membrane. (Boutte and Satiat-
Jeunemaitre, unpublished data). However, one specific
event in the cell cycle, that of cytokinesis, involves very
directed trafficking of Golgi-derived secretory vesicles. The
SNARE SYP111 (KNOLLE) is also specifically expressed
during mitosis and is found only on the developing cell plate
[133–136].
Another way to regulate the transport of Golgi-derived
membranes would be through the cytoskeleton, as exocy-
tosis of Golgi-derived vesicles is likely to be actin mediated
[67,68]. Interestingly, over-expression of one GFP-conju-
gated Rac protein AtRac7, which targets actin cytoskeleton
via actin depolymerising factor, but not other GFP-tagged
Rac proteins, induces a labelling both at the Golgi and at the
cell surface in pollen tubes [70].
4.2. From GA to vacuole
In contrast to the bulk flow hypothesis of transport to the
plasma membrane, trafficking to the vacuole relies on the
recognition of specific vacuolar sorting motifs. It is now
generally accepted that there are twomajor routes of secretion
from the Golgi to the vacuolar system [37,137,138]. Firstly, a
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vesicles such as described in developing pea cotyledons
[112,113,139]. Little is known about the mode of trafficking
and targeting of these vesicles to the correct compartment,
although sorting relies on a carboxy-terminal propeptide
and may be receptor mediated as transport to the storage
vacuole is saturable [140]. These dense vesicles may form
as early as the cis-face, however, it is assumed that they
depart the Golgi only towards the trans-face ([113], see
Section 3.3).
Secondly, transport of protein to the lytic vacuole is
mediated by a family of vacuolar sorting receptors (VSR)
resident in the trans-Golgi or trans-Golgi network (TGN),
and they are carried in clathrin-coated vesicles to a
prevacuolar compartment (PVC). VSRs are related to the
receptor BP80 (VSRps-1) first cloned from peas [141,142].
Homologues to this protein have now been identified in
various species [143]. VSRs are integral membrane proteins
which can bind clathrin through adaptin-binding tyrosine
motifs in their cytosolic tails [142]. They recognise
sequence-specific NPIR (vacuolar) motifs that may be
present on either termini or internally in the cargo protein
and cycle between the Golgi and the PVC [38,144–146].
These VSRs also co-localise with the SNARE PEP12(At-
SYP21) which belongs to the syntaxin family which has
been localised on structures distinct from GA and termed
the PVC [64,117–119,147–149]. Specific Rab proteins
such as AtRabF2b (ARA7) and homologues of Ara6 have
also been located to the PVC [61,120,149]. These various
markers for PVC are BFA insensitive, and by fluorescence
microscopy reside mainly on a compartment distinct from
Golgi and vacuole. They may, however, exhibit a low
amount of colocalisation with the Golgi (10–20%),
suggesting that they are involved in the recycling of VSRs
from PVC to the GA.
This relatively simple concept of separate sorting path-
ways for storage and lytic proteins is challenged by a recent
study, which suggests that the situation may not be so
straightforward. In developing castor bean seeds, the VSR
apparently binds the proteins, proricin and pro2S albumin,
which are destined for the storage vacuole [152], suggesting
that clathrin-coated vesicles may also carry these proteins.
Likewise in arabidopsis seeds, a knock out of AtVSR1 has
been shown to result in the partial secretion of precursors of
major classes of storage proteins [153].
A recent EM study on high-pressure frozen freeze-
substituted tobacco BY2 cells has shown that VSR anti-
bodies label putative endocytic compartments, the multi-
vesicular bodies (MVBs), which may also function as PVCs
[117]. MVBs in plants are compartments, which were first
functionally defined at the EM level, as organelles on the
endocytic pathway, as they accumulated endocytosed
cationised ferritin [39,150,151]. These data suggest that
PVC may in fact function in both the endocytic and
vacuolar pathways. In all cases, both storage and lytic
pathways and their associated sorting events require thepresence of a trans-Golgi sorting compartment. Thus, the
trans-Golgi or TGN may in the appropriate tissue be able to
sort both lytic and storage cargo.
Scission of cargo laden clathrin coated vesicles at the
trans-Golgi is most likely mediated by dynamin-like
proteins. An Arabidopsis dynamin-like 6 (ADL6) has been
shown to be located at the trans-Golgi and a dominant
negative mutant caused accumulation of lytic vacuole cargo
at the Golgi but had no affect on the transport of plasma
membrane bound cargo [154].
4.3. What is the trans-Golgi Network?
The exact nature or even the presence of a functionally
distinct TGN in plants is a matter of considerable debate.
This has been made all the more confusing due to data
emerging on the location of various marker molecules, from
both immunofluorescence and fluorescent protein expres-
sion, which have yet to be reconciled with existing
ultrastructural data. The trans-most face of the Golgi stack
can exhibit various structural profiles. Some stacks may
have an obvious final cisternum which is cohesive with the
rest of the stack but which may exhibit varying degrees of
tubulation [8,116]. However, in other cases, the trans-most
cisternum may appear to be partially detached from the
Golgi and ultimately, a cisternum-like structure may appear
fully distinct from the Golgi stack and have a tubular/
vesicular profile [155]. In most cases, clathrin-coated
vesicles are associated with this last cisternum or network.
These variations are probably the result of a highly dynamic
process in the Golgi membrane transformation. The term
trans-Golgi network TGN has often been ascribed to all of
these manifestations of the final cisternum in the stack. A
number of SNARE proteins have been located to the trans-
most cisternum by gold labelling including SYP41, SYP61
AtVTI12 and AtVPS45 [119], which these authors termed
the TGN. The trans-Golgi cisternum or TGN bears a
remarkable similarity to the partially coated reticulum, first
described as a tubulo-vesicular compartment, with clathrin
buds, which can rapidly accept internalised ferritin in
protoplasts [39,150,151,156,157]. Thus, it has been sug-
gested that this compartment may function as an early
endosome, even if it may in some cases be structurally
continuous with the TGN [155].
By light microscopy, it is hard to define a structurally
distinct TGN. However, from an analysis of the arabidop-
sis SNARES, it was demonstrated that a fluorescent
protein constructs of SYP41 and SYP61 co-located and
were sometimes in close proximity to the Golgi apparatus
but most often was located to punctate structures separate
from the Golgi [104]. On BFA treatment, these structures
clumped but unlike many of the Golgi SNARES showed
no ER location. From this analysis, it was concluded that
SYP41 and 61 located to the TGN. Of the other SNARE
constructs analysed, AtVTI11/13 located to the TGN and
the vacuolar membrane and AtVTI12 located to the TGN
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PVC marker SNARE SYP22. It is a possibility that these
data indicate that the TGN forms from the trans-Golgi and
sloughs off into the cytosol as a functionally distinct entity.
It will be interesting to find out if the SYP41/61
compartment is in fact the same structure as the so-called
partially coated reticulum first described in the 1980s
[151,157]. This leaves open the question of whether
trafficking from the Golgi to the prevacuolar compartment
can take place from the trans-most Golgi cisternum, a
TGN attached to the Golgi stack, a functionally separate
TGN or all three.5. Golgi dynamics and biogenesis
5.1. Golgi membranes emerge from ER domains
The recent bio-imaging studies of the plant Golgi favour
the theory of a continuum between the ER and GA. This
continuum may also operate through the whole Golgi stack,
and from early EM studies such membrane connectivity has
been postulated for Golgi and post-Golgi compartments.
However, the Golgi stack is a functionally distinct compart-
ment, identified with specific markers. This apparent para-
dox may find an explanation in the mechanisms of Golgi
dynamics and biogenesis.
The extremely close association of the Golgi and the ER
in the live cell imaging systems makes it tempting to
speculate that the Golgi may be considered as a differ-
entiated domain of the ER. Thus, regulation of Golgi
number in a cell would depend specifically on the control of
membrane flow out of the ER exit site. In favour of this
hypothesis, come the studies performed on living tissues
such as leaves and suspension culture cells, where Golgi
stacks can reform after BFA-induced re-absorption of Golgi
membranes into the ER and such reformation can take place
in the absence of any cytoskeleton and in the absence of
protein synthesis [19]. Golgi biogenesis from the ER
membrane has also been suggested in other eukaryotic
cells. In most of the cases, the ER-GA transition has been
described via the formation of tubular and fenestrated
structures (see [8] for references). In the yeast Pichia
pastoris de novo formation of Golgi stacks can occur from
the ER [158]. Likewise, in mammalian cells, in the absence
of microtubules, the formation of fluorescent Golgi mini
stacks positioned next to ER exit sites has been reported in
cells expressing a galactosyl transferase-GFP construct
[159]. Therefore, the differences in Golgi organisation
between kingdoms would be marked by its ability to
organise these ER-produced membranes rather than in their
biogenesis. The plant GA appears as an intermediate stage
in terms of evolution strategy, as most yeasts are producing
single Golgi cisternae, plants are characterised by cisternae
organised in Golgi stacks and animals in most cases exhibit
gatherings of Golgi stacks organised as a perinuclear ribbon.In all cases, the acquisition of molecular signature of the
Golgi has to be explained. All along the secretory pathway,
it is well accepted that there is a progressive transformation
of lipids within the membrane paralleled with a progressive
transformation and accumulation of secretory products
within the lumen (Fig. 4). Finally, several physico-chemical
gradients are established within the endomembrane system
(pH, lipid species, protein content of membranes). These
membrane differentiation events and established gradients
may help explain the distinct molecular signature of ER and
Golgi.
5.2. Building a Golgi stack
As discussed earlier, data from the expression of Golgi
targeted fluorescent protein constructs reveal them to be
highly motile over the surface of the ER, moving at up to
2 Am a second and even faster when caught in a
cytoplasmic stream. The question then arises as how the
stacks of cisternae manage to maintain their integrity and
not literally be torn apart by shear forces as they move
through the cytosol. It is possible that there is more
membrane interconnection between cisternae than had been
previously thought and depicted in various models. It has
also been suggested that the whole Golgi stack is
surrounded by a ribosome excluding matrix, which may
bind the complete structure together [155], although no
proteins from such a matrix have been characterised. The
well-documented intercisternal elements, which are more
prevalent towards the trans-face, may also be involved in
binding cisternae together [54,116,160]. It is also possible
that oligomerisation of transferases could stabilise the
cisternae. Although it is not easy to reconcile this with the
rapid turnover of membrane proteins as shown by FRAP
technology [18], it has been shown that aggregation of a
medial N-acetylglucosaminyl transferase does not stop it
travelling to the trans-Golgi at the same rate as a cargo
protein [161].
In mammalian and yeast cells, many so-called Golgi
matrix proteins have been characterised which may have
varied functions from the tethering of percolating vesicles,
through to interactions with the cytoskeleton and regulatory
Rab proteins [162–165]. In plants, homologues of some of
these proteins are starting to be reported. For instance, a
GRIP domain protein has been identified in arabidopsis and
fluorescent protein fusions with the C-terminal domain co-
located to the Golgi with a a-mannosidase construct
indicating Golgi location [66]. Likewise, from the con-
struction of a database of coiled-coil proteins in arabidopsis,
three proteins homologous to CASP and golgin-84 were
identified [166]. Undoubtedly, database mining will reveal
more homologues of the Golgi associated proteins which in
turn will reveal various binding partners. Perhaps, the next
major advance in our understanding of the development and
maintenance of the plant Golgi stack will come from data on
the function of the matrix proteins.
Fig. 4. The Golgi stack going with the flow: the endomembrane system seen as a progressive differentiation of membrane from ER. Top: the Golgi stack may
be considered as a differentiation of ER membranes, acquiring molecular identities via the evolution of the different gradients. The ER/GA connection may be
transient, or permanent according the cell system. Rupture/scission events occur along the membrane continuum, leading to a structurally distinct Golgi
compartment with new physico-chemical properties, a structurally separate trans-Golgi network and secretory vesicles. Bottom: progressive differentiation of
membranes is paralleled with progressive changes within the lumen, and constant interactions between the two may provide positional informations within the
gradients.
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The concept of the Golgi stack as an ER-linked
ephemeral organelle, as discussed previously, questions
the existence of the Golgi as a distinct morphological
organelle in its own right. However, there are plant tissues,
such as root cap statocytes, where the Golgi stacks appear
remote from the ER. Although no data from live cell
imaging of such cell types are available to date, they
suggest that scission events between the Golgi and the ER
take place at some earlier stage in the maturation of the
endomembrane system (Fig. 4) perhaps within the mer-
istem before cell type differentiation. However, the fact
that Golgi biogenesis, through the extrusion and differ-
entiation of ER-derived membrane, has yet to be described
at the EM level, suggests that this may be a rapid process.
The occurrence of the separation of the two organelles
along the membrane continuum would lead to the rupture
of the established gradients and would contribute to the
creation of a structurally distinct and independent Golgi
compartment with its own physico-chemical properties. It
can be considered that separation events similar to an ER/Golgi scission may also take place between the tubular
extensions described at the trans-face of the Golgi, leading
to the formation of the TGN and perhaps the prevacuolar
compartment.6. Conclusion
It is apparent that most of the molecular machinery
associated with transport events is present in plant cells as in
any eukaryotic cell (Fig. 2). However, it is becoming clear
that the expression and localisation of the particular genes is
not necessarily sufficient to explain the mechanics of the
secretory pathway or the differences in the pathway between
kingdoms. They still may point to some basic rules for a
progressive differentiation of membranes from ER to GA
and through the GA and to the post-GA compartments.
Moreover, it is also becoming clear that the concept of
organelles along the secretory pathway being discreet
entities fed by shuttles of anterograde and retrograde vesicles
may not be an accurate reflection of the dynamics inside a
cell. Evidence from live cell imaging and recent develop-
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suggesting that we have to consider that there may be a
membrane continuum between the various membrane-
bounded compartments of the secretory pathway (Fig. 4)
[6,8,93,167]. Therefore, the endomembrane system (includ-
ing the Golgi apparatus) appears as a dynamic entity in
equilibrium, maturing along the secretory gradient from the
ER to the PM or vacuolar system.Acknowledgements
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The Golgi apparatus in animal cells breaks down at the onset of mitosis and is later rebuilt in the two daughter cells. Two AAA ATPases,
NSF and p97/VCP, have been implicated in regulating membrane fusion steps that lead to regrowth of Golgi cisternae from mitotic
fragments. NSF dissociates complexes of SNARE proteins, thereby reactivating them to mediate membrane fusion. However, NSF has a
second function in regulating SNARE pairing together with the ubiquitin-like protein GATE-16. p97/VCP, on the other hand, is involved in a
cycle of ubiquitination and deubiquitination of an unknown target that governs Golgi membrane dynamics. Here, these findings are reviewed
and discussed in the context of the increasingly evident role of ubiquitin in membrane traffic processes.
D 2005 Elsevier B.V. All rights reserved.Keywords: Membrane fusion; Ubiquitin; CDC48; Valosin-containing protein; VCIP135; Deubiquitinating enzyme1. Introduction
During cell division, the Golgi apparatus in animal cells
undergoes dramatic morphological changes. At the onset of
mitosis during prometaphase, the perinuclear ribbon of Golgi
stacks disassembles into fragments, Golgi components are
dispersed throughout the duplicating cell and are then
reassembled at the end of telophase to form a functional
organelle in the two daughter cells [1]. The exact fate of
Golgi components during anaphase and the mechanisms of
biogenesis of the new Golgi apparatus is still a matter of
controversy [2–4]. Experiments that followed the local-
ization of Golgi enzymes pointed to a redistribution of this
type of components into the ER, whereas other results
exclude the possibility of complete mixing [5,6]. Further
evidence suggested that Golgi remnants remain as discrete
entities throughout mitosis. These mitotic Golgi clusters
consist of an array of vesicles and tubules that contain Golgi
matrix proteins and that serve as templates for the reforma-
tion of the new Golgi apparatus [7–10].0167-4889/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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tration of membrane carriers that contain Golgi components
to the site of Golgi formation. Reassembly of Golgi stacks
then requires membrane tethering, stacking and fusion
mechanisms that are also employed during its function for
the transport of secretory material, as well as additional
regulatory mechanism that are specific to mitosis. For
example, a tethering complex composed of GM130 on
cisternae, giantin on vesicles and soluble p115 ensures
efficient vesicular fusion in interphase [11]. Its inactivation
by phosphorylation of GM130 in mitosis contributes to Golgi
fragmentation. Dephosphorylation of GM130 in telophase
then initiates Golgi reformation by tying the mitotic frag-
ments together [12,13]. Likewise, mitotic phosphorylation
also regulates the function of the cisternal stacking factor
GRASP65 [14,15,135]. SNARE (soluble NSF attachment
protein receptor) proteins that mediate most, if not all,
membrane fusion steps in the cell are also required for
postmitotic Golgi cisternal regrowth. A lot of effort has
therefore been focused on understanding the regulation of
SNARE activity in the process. Two related AAA ATPases,
NSF (N-ethylmaleimide sensitive factor) and p97/VCP
(valosin-containing protein) have been implicated. NSFta 1744 (2005) 465 – 517
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membrane fusion [16,17] and p97 was believed to act
similarly. However, recent reports that revealed links to the
ubiquitin system have questioned this model. The aim of this
article is to review these data and reopen the discussion
concerning the underlying mechanisms of NSF- and
p97-mediated membrane fusion during Golgi reassembly.2. NSF and p97/VCP regulate different membrane
fusion events during Golgi reassembly
The pivotal role of NSF in membrane fusion was first
identified in a cell-free system that reconstitutes intra-Golgi
transport [18–20]. Similarly, a cell-free system that repro-
duces the mitotic Golgi disassembly–reassembly cycle in
vitro has been instrumental to deconstruct the molecular
mechanisms underlying mitotic regulation of Golgi archi-
tecture [21,22]. In this system, highly purified rat liver Golgi
stacks are incubated in mitotic cytosol from synchronized
HeLa cells to generate mitotic Golgi fragments that consist
of vesicles and short tubules (Fig. 1). After re-isolation and
upon incubation with interphase cytosol, these fragments
reassemble into morphologically intact Golgi stacks, thereby
demonstrating the inherent capacity of self-organization of
this organelle [23].
The system has been used to identify the cytosolic
components for the reformation process. Two reassembly
pathways were identified. Not unexpectedly, the first requires
NSF together with its cofactor alpha-SNAP (soluble NSF
attachment protein) and the tethering factor p115. These
components generate Golgi stacks but with unusually short
cisternae. However, another cytosolic AAAATPase, p97 that
had no known function at that time also generated Golgi
cisternae together with its cofactor p47 [24,25]. TheseFig. 1. An in vitro system to study Golgi dynamics during mitosis. Golgi
stacks are isolated from rat liver. Incubation with mitotic cytosol from
nocodazole-arrested HeLa cells results in fragmentation into an array of
vesicles and tubules. Re-isolation of the mitotic fragments and incubation
with interphase cytosol mediates cisternal regrowth and reformation of
Golgi stacks. When fragments are mildly washed upon re-isolation,
interphase cytosol activity can be substituted with either of the two
pathways: NSF, alpha-SNAP and p115 or p97–p47. However, the two
pathways together are required for reformation of morphologically intact
Golgi apparatus.cisternae are much longer then those generated by the NSF
pathway, but they can also be stacked when p115 is added
[26]. Both pathways assemble about the same amount of
membranes into cisternae, but the activities are not additive
[25]. Only the two pathways together can substitute for
cytosol activity and generate morphologically intact Golgi
stacks with long cisternae.
A differential role of the two pathways was also observed
in a Golgi reformation system that monitors the reassembly of
Golgi stacks in permeabilized, semi-intact cells after Golgi
fragmentation into small vesicles with the drug ilimaquinone
[27]. Whereas NSF mediates membrane fusion that leads to
the generation of large vesicles, p97 is required in this system
to generate long cisternae that can then associate to Golgi
stacks [28].
A series of reports have identified activities of p97 and its
orthologs in other organelle fusion events and have thereby
supported a general role for p97 in organelle reformation and
maintenance. In yeast, the p97 orthologue Cdc48p mediates
fusion of ER membranes [29]. In vertebrates, p97 is also
needed for the assembly of transitional elements of the ER
[30] and ER network formation [31]. Finally, reformation of
the nuclear envelope after mitosis requires p97 in Xenopus
egg extracts [31]. Intriguingly, in this process, p97 mediates
two separate reactions with different cofactors that may
represent distinct membrane fusion events [32]. Together
with its heterodimeric cofactor Ufd1–Npl4 [33], p97 is
needed for the fusion of chromatin-bound vesicles that leads
to the initial sealing of the nuclear envelope. The subsequent
expansion of the nuclear envelope depends on the feeding of
additional membrane material and requires p97 together with
p47, indicating that there are similarities to Golgi fusion.
These findings and the absence of any evidence for a role
of p97 in vesicular transport of the secretory pathway [34]
suggested that p97 might preferentially regulate homotypic
membrane fusion between equivalent organelle fragments.
Conversely, NSF would mediate heterotypic fusion of
vesicles with target organelle membranes, which is also
needed for postmitotic Golgi reassembly [22]. This classi-
fication is not strictly valid, though, since NSF is required for
the homotypic fusion of immature secretory granules [35] and
its orthologue Sec18p in yeast is needed for fusion between
vacuoles [36]. The differential requirements for the two AAA
ATPases must, therefore, have a different molecular basis.3. NSF and p97/VCP: cousins with different characters
Both NSF and p97 belong to the AAA (ATPases
associated with different cellular activities) protein family
whose members exist in all organisms (for review see
[37,38]). AAA proteins share a common domain of about
230 amino acids that contains the Walker A and B motifs,
critical for nucleotide hydrolysis and binding, respectively,
and a second region of homology. In general, AAA ATPases
use the chemo-mechanical energy generated by ATP hydro-
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AAA proteins use this activity for specific tasks including
protein complex assembly or disassembly, disaggregation or
the complete unfolding of substrate proteins. For simplicity, it
will be referred to as chaperone activity in the following text.
NSF and p97 both have two AAA domains (D1 and D2)
that are stacked and arranged as a hexamer (Fig. 2) [39–41].
They also possess a related amino-terminal (N)-domain that
consists of two subdomains (Na and Nb) separated by a
cleft. The N-domains are positioned at the periphery of the
hexamers in a plane with D1. Theyare required forbindingof
substrates and cofactors. Work on p97 has revealed intra-
molecular movements upon nucleotide hydrolysis and ex-
change [42–44] that include opening and widening of the
central pore, rotational forces and movements of the
N-domain. These movements are likely transmitted, directly
or indirectly,onto substrateproteins toapplymechanical force.
Despite these similarities, however, recent work has
revealed considerable differences between the two proteins
that point to distinct mechanisms of action (reviewed in [45]),
only a few of which can be highlighted here. Probably, the
most significant among these is the differential use of the two
AAA domains. In NSF, D1 has the main ATPase activity,
whereas D2 is only required for hexamerisation [46,47]. The
opposite is the case for p97, where D2 has a dominant activity
[48,49]. ATP hydrolysis in D1 may depend on the activity in
D2 through a proposed allosteric communication between the
domains [41,49]. However, the function of ATPase activity in
D1 is unclear, since it is not essential [50]. Moreover,
structural work suggests that, contrary to p97, the D2 in NSF
is arranged Ftail to tail_ with D1 [51], further supporting the
notion that force generation and transmission is very differentFig. 2. Structure of the NSF and p97 AAA ATPases. (A) Both p97 and NSF hav
contain the Walker A and B motifs required for ATP binding and hydrolysis and a s
two subdomains, Na and Nb. The numbers refer to amino acid positions. Figure ado
hexamers. Six protomers assemble in parallel to form a barrel, in which the D1 an
perimeter of the barrel in plane with the D1 domains.in the two ATPases. Finally, also substrate interaction appears
to be dissimilar, since proposed substrate interaction regions
in the Na subdomain or the cleft of the N-domain have
different surface properties [45]. Consistent with this is the
observation that p97 appears to have a broader chaperone
activity, since it is able to bind unfolded proteins and prevent
their aggregation [49,52]. Together, these recent advances
strongly suggest that NSF and p97 use distinct mechanisms to
catalyze protein remodeling processes.4. The classical role of NSF
The central players in intracellular membrane fusion
events are SNARE (SNAP receptor) proteins ([16,53–55]
and references therein). About 30 SNAREs exist in mammals
that generally reside and fulfill their functions on specific
membranes. SNAREs have been classified in vesicular
transport processes into v- and t-SNARE according to their
localization on vesicle (v) or target (t) membranes. During
membrane fusion, helical sections of v- and t-SNAREs on
apposing membranes bind and form a trans-SNARE complex
or SNAREpin. SNAREpin formation is best understood at
the synapse [56]. Here, the t-SNARE on the pre-synaptic
membrane consists of syntaxin-1 [57] that contributes one
heavy chain, and SNAP-25 [58] that contributes two helical
light chains. The v-SNARE Vamp/synaptobrevin [59,60] on
the vesicle has a single helical chain. Upon binding, v- and
t-SNAREs coil up to form an unusually stable parallel four-
helix bundle. This binding brings the apposing membranes
into close proximity probably overcoming the repulsive
forces between them, and either trigger lipid bilayer fusione two AAA domains, D1 and D2 (bright and dark blue, respectively) that
econd region of homology (SRH). The related N-domains (green) consist of
pted after [45]. (B) Simplified three-dimensional model of the NSF and p97
d D2 domains form two stacked rings. The N-domains are arranged at the
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individual SNAREs contributes to the specificity of fusion
events. However, pairing is further regulated by additional
mechanisms that involve a variety SNARE binding proteins,
including the heterodimer LMA-1 or the SM-proteins, Sec1p,
munc18, sly1p and others (reviewed in [54,63]). Often, the
exact function of these regulators is unclear, but different
factors can either inhibit or stimulate SNARE binding, or
contribute to its specificity.
As a result of fusion, all SNAREs in the SNAREpin are
localized in a cis-SNARE complex on the fused membrane.
This very stable, often SDS-resistant protein complex is
dissociated by the action of NSF in order to recycle the
individual SNAREs for further rounds of fusion [17,64]. NSF
binds via its cofactor alpha-SNAP to the complex and
unravels SNAREs using the mechano-chemical energy
generated by ATP hydrolysis. Although many details remain
to be clarified, cis-SNARE complex dissociation is probably
the best example for segregation of a highly stable protein
complex catalyzed by a AAA ATPase.5. SNARE complex dissociation is not required during
Golgi reassembly
The Golgi apparatus contains several SNAREs that have
specific roles in individual vesicular transport steps. During
Golgi reassembly, at least two of them, syntaxin-5 and gos-
28/GS28, are involved in NSF-mediated fusion [65].
Syntaxin-5 is predominantly found on Golgi cisternae,
whereas gos-28 is enriched on vesicles [11]. This suggests
that pairing of the two proteins on apposing membranes
promotes fusion. Reassembly mediated by p97, on the other
hand, involves syntaxin-5, but is independent of gos-28 [65].
Binding studies with recombinant, GST-tagged syntaxin-5
suggested that p97 might physically interact with syntaxin-5
via its cofactor p47 during Golgi reassembly [65]. It was
therefore reasonable at the time to propose that p97–p47
could act by recycling SNAREs from complexes and that
these complexes may contain exclusively the t-SNARE
syntaxin-5 [65]. However, new data make it necessary to
revise this model. First, structural and functional work has
made it seem unlikely that homo-oligomeric syntaxin-5
trans-SNARE complexes may form or promote fusion
[66,67]. It is therefore more likely that other SNAREs on
Golgi membranes apart from gos-28 that have not been
tested pair up with syntaxin-5 and play a role in p97–
p47-regulated membrane fusion.
Second and more important for the understanding of the
events during Golgi reassembly was the finding that cis-
SNARE complex dissociation is already completed by NSF
at the end of Golgi fragmentation [68]. This reaction is,
therefore, not needed during Golgi reformation and thus
cannot account for the requirement of NSF or p97 during
that step. This became evident with the discovery that
SDS-resistant SNARE complexes are already being dis-sociated during Golgi fragmentation and are not present on
mitotic Golgi fragments. Consistent with this is the
observation that, even though SNARE disassembly clearly
requires ATP hydrolysis, Golgi cisternal regrowth can be
mediated by NSF variants that can bind but not hydrolyze
ATP [68,69]. This was shown for NSF (G274E), a variant
that is equivalent to the Drosophila comatose mutant, and
NSF(E329Q) that bears a mutation in the Walker B motif
of the D1 domain. Likewise, wild type NSF mediates Golgi
reassembly in the presence of non-hydrolyzable ATP, but
the activity is inhibited in the presence of ADP. ATP
hydrolysis, however, is only dispensable during reassem-
bly, if SNAREs are indeed dissociated during Golgi
fragmentation [68]. If NSF is inactivated during this step,
fragmentation still occurs, but reassembly then requires
wild type NSF. Therefore, NSF has two separable functions
during the mitotic Golgi cycle. The first is dissociation of
SNARE complexes during mitotic fragmentation that
requires ATP hydrolysis. The second function requires
ATP, but not ATP hydrolysis.
If dissociation of cis-SNARE complexes is not required
during Golgi reassembly, then the question arises as to how
NSF and p97 regulate cisternal regrowth. Recently, discov-
ered links to the ubiquitin system may provide an answer.6. p97 is a ubiquitin-dependent chaperone
Novel insights into how p97 may act mechanistically first
came from data on other cellular processes. Unlike NSF, p97
is very abundant (an estimated 1% of cytosolic protein) and
is required in a large variety and still increasing number of
different cellular pathways. Apart from organelle membrane
fusion, these functions range from bulk degradation of ER
proteins to specific regulation of cell cycle progression, gene
expression and apoptosis [70]. It is reasonable to assume that
in each case, p97 functions as a chaperone or remodeling
factor that unfolds or dissociates proteins and their com-
plexes. This activity, however, appears to be modulated by
distinct sets of mutually exclusive adapters and additional
cofactors that divert p97 function to different processes [33].
How these factors modulate p97 function is not fully
understood, but an example is the fact that p47 regulates
the ATPase activity of p97 [71].
Besides p47, a large number of cofactors and binding
proteins have been isolated in different species [70]. The
best-characterized adapter is the conserved Ufd1–Npl4
heterodimer [33]. Both p47 and Ufd1–Npl4 bind p97 in a
mutually exclusive manner, which is based on a common
bipartite binding mechanism [72–75].
The p97–Ufd1–Npl4 complex itself mediates different
reactions, which may, however, be mechanistically related.
One of the better-understood functions is its role in ER-
associated degradation (Fig. 3) [76,77]. Short-lived or
misfolded proteins that reside in the membrane or lumen
of the ER have to be transported into the cytosol, where they
Fig. 3. (A) Protein substrate ubiquitination is catalyzed by an enzymatic
cascade: the E1 enzyme activates ubiquitin and transfers it to an E2.
Substrate specificity is achieved by a large number of E3 ligases (¨500 in
the human genome) that in most cases physically link the E2 and the
substrate to induce its ubiquitination. Sequential modification of the
previous ubiquitin unit generates chains. Chains linked via ubiquitin
residue lysine-48 constitute a degradation signal (B) Role of p97 and its
adapter Ufd1–Npl4 (UN) during ER-associated degradation. ER proteins
destined for degradation are ubiquitinated at the cytosolic face of the
membrane. p97 and Ufd1–Npl4 bind to the substrate via unfolded
segments within the peptide and through interaction with the ubiquitin
chain. ATP hydrolysis by p97 induces mobilization of the substrate into the
cytosol for subsequent degradation by the proteasome.
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general, ubiquitin-dependent degradation is initiated by
the covalent conjugation of ubiquitin to lysines of substrate
proteins [78]. This is mediated by a catalytic cascade that
includes an activating enzyme E1, E2 conjugating enzymes
and distinct, substrate-specific E3 ubiquitin ligases.
Sequential ubiquitin conjugation to lysine-48 of the
previous ubiquitin generates a chain that targets the
substrate to the proteasome. In the ER-associated degra-
dation pathway, ubiquitination occurs at the cytosolic face
of the membrane, but complete retro-translocation into the
cytosol requires the activity of p97–Ufd1–Npl4 that
extracts the substrate into the cytosol [79–83]. Substrate
recognition by p97–Ufd1–Npl4 is mediated by a dual
mechanism that involves binding to non-modified moieties
of the substrate and specific interaction with the growing
ubiquitin-chain [49]. The latter is mostly mediated by the
N-domain of Ufd1 [49] that is intriguingly predicted to
assume the same fold as the N-domain of p97 [84]. The
Npl4 zinc finger (NZF) domain that also binds ubiquitin,
but is not conserved in yeast [85,86], appears to play a
minor part in this reaction [49]. The mobilization process
of the substrate involves a cycle of ATP binding andhydrolysis in p97. The interaction with the substrate
requires nucleotide binding in the D1 domain. Extraction
or mobilization from the membrane, however, requires
hydrolysis in the D2 domain [49].
Although many aspects remain to be clarified in p97–
Ufd1–Npl4-mediated processes, the common theme in
these reactions is that p97–Ufd1–Npl4 uses the energy of
ATP hydrolysis to mobilize ubiquitinated substrates from
membranes and other larger structures either for proteaso-
mal degradation or otherwise involving the proteasome.
This general activity is likely the same that is applied during
less well-characterized processes including nuclear envelope
sealing [31] and spindle disassembly [87]. Some aspects of
this activity may also be relevant for the role of p97–p47.7. p97–p47-regulated Golgi dynamics during mitosis
is governed by a cycle of ubiquitination and
deubiquitination
Originally, it was postulated that, in contrast to the
Ufd1–Npl4 adapter, p47 was an adapter that conferred a
ubiquitin-independent role to p97 [33]. However, recent
evidence showed that p97–p47 activity also requires
ubiquitin, albeit in a proteasome-independent manner.
The involvement of ubiquitin first became evident with
the discovery of a ubiquitin-associated (UBA) domain at the
amino terminus of p47 [86,88]. UBA domains are short
helical ubiquitin-interaction modules that are found in many
other proteins [89–91]. Like the Ufd1–Npl4 adapter, p47
can bind ubiquitin and recruit p97 to a ubiquitinated protein
that likely also is the substrate of its chaperone activity. In
contrast to Ufd1–Npl4, however, p97–p47 can only be
recruited as a whole and not sequentially, since p47 only
binds ubiquitin when in complex with p97 [86]. Impor-
tantly, a functional UBA domain is essential for p97–p47-
mediated Golgi reassembly, since either deletion of the
domain or a single point mutation that abolishes ubiquitin-
binding, significantly decreases reassembly activity [86].
The obvious conclusion that p97–p47 recognizes and
processes a ubiquitin-conjugate on the membrane was
further supported using a dominant-negative ubiquitin
mutant with an isoleucine-44 to alanine exchange (I44A)
that strongly inhibits Golgi reformation [92]. Like most, if
not all ubiquitin interaction domains, the UBA domain
binds ubiquitin at a hydrophobic patch around isoleucine-44
[93]. Mutation of this residue still allows conjugation, but
the resulting conjugate on the Golgi membrane cannot be
recognized by downstream factors and therefore processing
by p97–p47 is blocked.
The nature of the ubiquitinated target on the Golgi
membrane is still unclear, but the experiments with
ubiquitin(I44A) have revealed another aspect. The mutant
only blocks reformation when added before Golgi dis-
assembly is completed, and it has no effect when added later
during reformation. This indicates that a critical ubiquitina-
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fact that p97–p47 is inactivated at the same time could
explain why the ubiquitin-conjugate remains stable through-
out mitosis. Phosphorylation of p47 at serine-140 by Cdk1
removes the complex from the membrane early in mitosis
[94]. Dephosphorylation in telophase allows rebinding and
subsequent processing of the ubiquitinated target (Fig. 4).
Ubiquitin not only triggers degradation of substrates
by the proteasome, but can also regulate proteasome-
independent processes [95]. In these cases, substrates are
either modified with a single ubiquitin (monoubiquitin) or
with short chains that are linked via lysine-63 instead of
lysine-48 of the previous ubiquitin unit. Several lines of
evidence showed that p97–p47-mediated Golgi reassem-
bly involves monoubiquitination and is proteasome-
independent. First, in vitro binding experiments revealed
that the p97–p47 complex has a preference for binding to
monoubiquitin rather than to polyubiquitin when compared
to Ufd1–Npl4 [86]. This does not exclude that some p47-
mediated processes can involve polyubiquitination. At least
in yeast, p47 homologues appear to be linked, directly or
indirectly, to degradative processes [96,97]. As for p97–
p47-mediated Golgi reassembly, however, neither a ubiq-
uitin(K48R) mutant that abolishes lysine-48 chain extension
and therefore proteasome targeting, nor proteasome inhib-
itors have any effect on cisternal regrowth, showing that
proteasomal degradation is not involved [92]. Furthermore,
p97–p47 activity is dependent on another cofactor,
VCIP135, which resides on the membrane and can form a
transient complex with p97–p47 via a ubiquitin-fold domain
[73]. VCIP135 belongs to the OTU (ovarian tumor) type of
deubiquitinating enzymes that share a homologous catalyticFig. 4. p97-regulated Golgi membrane dynamics involves a cycle of
ubiquitination and deubiquitination. During mitotic fragmentation of the
Golgi apparatus, an unknown ligase ubiquitinates a putative substrate of
p97. Phosphorylation (P) of p47 removes the p97–p47 complex from the
membrane and at the end of mitosis, dephosphorylation allows rebinding.
p97–p47 is then recruited to the substrate by direct interaction of the UBA
domain in p47 with the ubiquitin moiety. The deubiquitinating enzyme
VCIP135, which is loosely attached to the Golgi and then interacts with
p97–p47, removes ubiquitin and triggers membrane fusion that leads to
cisternal regrowth.domain with cysteine protease activity [92,98,99]. Deubi-
quitinating enzymes are isopeptidases that reverse the
activity of ubiquitin ligases by cleaving the bond between
ubiquitin and its target. They therefore act analogously to
phosphatases in removing a signal from a protein. Indeed,
VCIP135 deubiquitinating activity is required for Golgi
reformation, indicating that removal of the ubiquitin signal
generated during Golgi fragmentation is an essential step in
the p97-mediated mechanism that triggers membrane fusion
[92].
These new findings have outlined a cycle of ubiquitina-
tion during the Golgi disassembly and deubiquitination
during reassembly that governs the p97-mediated pathway
(Fig. 4). The exact underlying mechanism, the identity of
the targets in this pathway and how they mediate cisternal
regrowth, however, still need to be clarified. It is concei-
vable that ubiquitin serves as a recruitment signal for p97–
p47, which then applies its chaperone activity to fusion
regulators. In some analogy to the role of p97–Ufd1–Npl4,
the p97–p47 complex could also extract a ubiquitinated
inhibitor of fusion from the membrane. Alternatively,
ubiquitin itself could serve, directly or indirectly, as a
regulator that need to be recognized and then removed by
p97 and its cofactors. The multitude of possibilities become
apparent if one looks at the diverse mechanisms that are
deployed by ubiquitin to regulate other membrane trafficking
events.8. Ubiquitous roles of ubiquitin in membrane trafficking
In the proteasomal degradation pathway, the function of
the modification with lysine-48 linked ubiquitin chains is
believed to be the targeting of ubiquitinated substrates to the
proteasome. This is achieved by direct interaction of the
ubiquitin chain with proteasomal components or with
factors that transiently bind to the proteasome. In contrast,
the molecular consequences and functions of monoubiquiti-
nation or lysine-63 chains in proteasome-independent
processes appear to be more diverse, although downstream
events also involve physical interaction of ubiquitin with
specific ubiquitin binding domains. Many membrane
trafficking processes are regulated by these types of
ubiquitination and do not involve the proteasome. Since
they have been reviewed in excellent recent publications
(for example [100–102]), only a few examples will be
mentioned to illustrate mechanistic concepts that are
relevant for this discussion.
The best-studied ubiquitin-regulated trafficking steps are
within the endocytic pathway, namely the internalization of
certain plasma membrane receptors and transport of cargo
from the sorting endosome to the multi-vesicular bodies for
subsequent degradation in the lysosome. In both cases,
transport cargo is modified with ubiquitin, which then
constitutes a sorting signal (reviewed in [103,104]). This
signal functions by directly interacting with short ubiquitin-
Fig. 5. NSF has two separate functions during mitotic Golgi membrane
dynamics. NSF binds via alpha-SNAP to cis-SNARE complexes and
dissociates them in a reaction that requires ATP hydrolysis. NSF then
mediates complex formation between the v-SNARE gos-28 (green) and the
ubiquitin-like protein GATE-16 (G16). GATE-16 regulates pairing of gos-
28 with the t-SNARE syntaxin-5 (orange), that leads to membrane fusion.
Whether membrane anchoring through lipidation of GATE-16 plays a role
in this process is unknown.
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appropriate location. These factors include epsin and Eps15
at the plasma membrane and Hrs/Vps27 at the endosome.
All three of them contain a ubiquitin-interacting motif
(UIM) that binds the ubiquitinated cargo and integrates them
with lipid and clathrin interactions, which mediates sorting
and transport. Further transport from the endosome to the
internal membranes of the multi-vesicular bodies requires
the subsequent interaction with three protein complexes, in
yeast called ESCRT I–III. Again, recruitment is mediated
via direct interaction with the ubiquitin moiety. ESCRT-I is
recruited to the cargo via the ubiquitin-binding UEV domain
in one of its components, Tsg101/Vps23 [105,106] and, at
least in yeast, ESCRT-II via a NZF domain in Vps36 [107].
It is noteworthy that this pathway also requires a AAA
ATPase, Vps4, that in this case is believed to recycle the
sorting factors from the membrane [106,108]. Furthermore,
it also involves a deubiquitinating enzyme, Doa4p, which
removes the ubiquitin signal from the cargo to recycle it
before the cargo moves with the budding membrane into the
lumen of the MVB for degradation [106,109–111]. In
mammals, at least two deubiquitinating enzymes are
involved in the process, UBPY [112,113] and AMSH [114].
These examples show that ubiquitination as a recruitment
and sorting signal appear to be a common theme. However,
further work on epsin and Eps15 also revealed a different
concept. As well as containing a UIM, they are also
themselves ubiquitinated [115,116]. This may allow the
formation of a network of interactions between sorting
factors and the cargo that could define and regulate an active
region on the membrane. Intriguingly, a functional UIM is
also a prerequisite for ubiquitination of both epsin and
Eps15. The mechanistic reason for this is still unclear, but it
is likely to control the formation of ubiquitin–UIM
interactions that regulates endocytosis. Ubiquitin-mediated
interactions between these factors appear to be dynamic.
Data from Drosophila indicate that a deubiquitinating
enzyme termed fat facets regulate endocytosis by deubiqui-
tinating the epsin homolog liquid facets [117].
An intra-molecular bridge between the UIM of epsin or
Eps15 and the ubiquitin moiety on the same molecule could
also directly regulate their activity. A similar model has also
been proposed in the case of Vps9. Vps9 is the ortholog of
mammalian Rabex-5 and acts as a GEF for the rab5-like
Vps21 [118,119]. Vps9 contains a ubiquitin-binding CUE
(Cue1-homologous) domain, but Vps9 is also itself ubiq-
uitinated [120,121]. Intriguingly, the CUE domain is not
required for Vps9 function in endocytosis. The available
data, however, have led to a model in which Vps9 is
normally inhibited by an intramolecular bridge between the
CUE domain of Vps9 and its ubiquitin moiety. This auto-
inhibition would be alleviated only if receptor-conjugated
ubiquitin binds and occupies the CUE domain. In that case,
Vps9 GEF activity would be restored and could stimulate
GDP to GTP exchange in Vps21, which ultimately triggers
endosomal membrane fusion.These examples illustrate the complexity of ubiquitin-
dependent regulation in membrane trafficking. They show
how ubiquitin ligases, deubiquitinating enzymes and AAA
proteins can be important regulators in these pathways. The
diversity of molecular mechanisms that are deployed is still
likely to grow. As if this was not enough, ubiquitin-like
modifiers have also been implicated in membrane dynamics.
The most relevant for this discussion is GATE-16, which is
involved in NSF-mediated membrane fusion in the Golgi
apparatus.9. NSF-mediated fusion involves the ubiquitin-like
protein GATE-16
GATE-16 was originally isolated biochemically based on
its activity to stimulate vesicular Golgi transport in a cell-
free assay [122]. It physically interacts with both NSF and
the Golgi v-SNARE gos-28 and experiments with isolated
proteins suggested that NSF catalyzes the complex for-
mation between GATE-16 to gos-28 (Fig. 5). When bound
to GATE-16, gos-28 cannot bind its cognate t-SNARE
component syntaxin-5, strongly suggesting that GATE-16
acts as a regulator of SNARE pairing [123]. Importantly,
NSF-mediated regulation of GATE-16 to gos-28 binding
(and therefore regulation of SNARE pairing) requires ATP,
but is independent of ATP hydrolysis [68]. Since GATE-16
is also required for NSF-mediated reassembly of mitotic
Golgi fragments [68], it is attractive to speculate that NSF
and GATE-16 regulated SNARE pairing accounts for the
ATP-hydrolysis independent function of NSF during Golgi-
reformation after mitosis.
GATE-16 belongs to a subfamily of ubiquitin-like
proteins that among others include MAP1-LC3 in mam-
mals and Atg8p in yeast (formerly Apg8p or Aut7p [124]).
The common structural feature that distinguishes these
proteins from other ubiquitin-like proteins is an additional
helical region at the N-terminus that folds back on the
beta-sheet surface of the ubiquitin-fold [125]. Atg8p is
essential for autophagy, a process that involves the
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cisternae (for review, see [126]). These cisternae form the
autophagosome that then fuses with the lysosome to allow
digestion of the entire structure. Like ubiquitin, Atg8p is
processed by a cysteine protease, Atg4p to expose a C-
terminal glycine [127]. In contrast to ubiquitin, however, it
is not transferred onto a protein but to phosphatidyl-
ethanolamine, thereby modifying membrane rather then
proteins [128]. This process is mediated by the E1-like
activating enzyme Atg7p and the E2-like conjugating
enzyme Atg3p. The mechanistic role of Atg8p has
remained elusive. In analogy to the role of GATE-16, it
may be involved in the regulation of one of the required
membrane fusion steps during autophagy. This is supported
by the finding that it interacts with the SNAREs Bet1p and
Nyv1p [129].
In mammals, MAP1-LC3 is involved in autophagy,
whereas the other family members may have diverged
functions [126]. All members undergo processing and
appear to be lipidated, but in the case of GATE-16 also
the non-modified form is membrane associated [130].
Therefore, it is not known yet whether lipidation is required
for GATE-16 function in Golgi membrane fusion. An
attractive model would include lipidation as part of
regulation of SNARE pairing and perhaps even SNARE-
mediated membrane fusion. Intriguingly, human Apg4p that
processes the C-terminus [131,132] can also de-lipidate
Atg8 homologs [133], analogously to the function of a
deubiquitinating enzyme in the ubiquitin system. This raises
the possibility that a cycle of lipidation and de-lipidation
could be an integral part of NSF and GATE-16 regulated
membrane fusion. This, in turn, would have intriguing
similarities to the ubiquitin-cycle that is required in the
pathway mediated by p97–p47 and the deubiquitinating
enzyme VCIP135.10. Conclusions and outlook
Reformation of the Golgi apparatus after mitosis
requires membrane fusion mechanisms that are common
to vesicular transport steps in the secretory pathway during
interphase. However, it also requires additional mecha-
nisms that coordinate the morphologically correct assembly
and that orchestrate the process with other events during
exit from mitosis including chromosome segregation,
reorganization of microtubules, nuclear reformation and
cytokinesis.
Membrane fusion depends on SNARE proteins and first
requires dissociation and reactivation of SNAREs from
preexisting cis complexes. Biochemical dissection of
mitotic Golgi dynamics has revealed that, like in all other
confirmed cases, cis-SNARE complex dissociation is
mediated by NSF and its cofactors and requires ATP
hydrolysis. These analyses also uncovered that NSF has a
second function that is independent of ATP hydrolysis. Anattractive model is that this activity accounts for its role in
mediating binding of the ubiquitin-like modifier GATE-16
to the v-SNARE gos-28. GATE-16 regulates v- and
t-SNARE pairing both during Golgi reformation and during
Golgi transport. This second function will certainly
stimulate further investigation. It will also be important to
identify the other SNAREs involved Golgi reassembly to
get a complete picture.
Meanwhile, the work on the role of NSF has already
clarified that SNARE dissociation cannot account for the role
of the other identified regulatory pathway mediated by p97
and its cofactors. In contrast to NSF, current available data do
not support a role for p97 in the secretory pathway. Therefore,
one possibility is that it controls the assembly of a subset of
mitotic fragments that constitute the organelle Fcore_, which
does not undergo fission and fusion during interphase
transport. Since this first model was proposed [25], however,
we have learned a lot on the role of p97 in the ubiquitin
system and its regulation of other post-mitotic events
including spindle disassembly and nuclear reformation.
Based on these new findings, it is also possible that the
p97 pathway might simply provide an additional layer of
regulation that controls Golgi membrane fusion to ensure
the timely reassembly of the Golgi apparatus after mitosis.
It will require further investigation to clarify what model
holds true. Meanwhile, recent progress has outlined the
major events in the pathway, which will help further
approaches (Fig. 4). The pathway involves a ubiquitination
step that is mediated by an unknown ubiquitin ligase during
Golgi fragmentation. At about the same time, phospho-
rylation of p47 by Cdk1 removes p97–p47 from the
membranes and thereby inactivates it. Later, during exit
from mitosis, loss in Cdk1 activity allows dephosphoryla-
tion of p47 and recruitment of p97–p47 to the site of
ubiquitination via the UBA domain in p47. Consequently,
p97 can then exert its chaperone activity on a putative
substrate. The cycle is concluded by VCIP135 that removes
ubiquitin and ultimately triggers membrane fusion.
Based on the general ubiquitin-dependent chaperone
activity of p97 known from unrelated cellular pathways and
the variety of functions of ubiquitin in other membrane
trafficking steps, several scenarios of how this may regulate
Golgi reassembly are conceivable (Fig. 6). One possibility is
that p97 is recruited via ubiquitin to a SNARE or a mitotic
SNARE regulator and then triggers conformational changes
that are required for SNARE pairing. The fact that p47 can
bind syntaxin-5, whose function is required for p97-
mediated fusion supports this notion. However, also factors
that act upstream of the SNARE-mediated step, particularly
tethering factors, could be potential targets of the pathway.
Alternatively, p97 could extract a mitotic SNARE regulator
or simply remove ubiquitin that itself could act as an
inhibitor of SNARE pairing. It becomes clear that any
further understanding of the underlying mechanisms and of
the cell biological relevance of the p97 pathway will depend
on the identification of its target and of the E3 ligase that
Fig. 6. Hypothetical model of how ubiquitin may regulate SNARE pairing
during p97-mediated Golgi reassembly after mitosis. Ubiquitination of a
putative membrane fusion regulator (FR) may recruit the p97–p47 complex
via binding of the UBA domain in p47 to ubiquitin. p97 may then exert its
chaperone/protein remodeling activity (red arrow) to either mediate
conformational changes in the FR or in the SNARE itself, or to extract the
FR. VCIP135 would deubiquitinate the FR (dotted arrow). Together, these
eventswould lead to trans-SNARE complex formation andmembrane fusion.
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findings, this may now be much easier and recent advances
in the proteomics of ubiquitin-conjugates may pave the way
to the isolation of these factors.
Another important issue is to further explore and establish
the role of the p97 pathway in Golgi dynamics in vivo, since
most of the data has been acquired in vitro. Supporting
evidence so far include the observation that microinjection of
antibodies against VCIP135 into prometaphase cells caused
extensive ultrastructural vesiculation of Golgi cisternae
after mitosis, even though it still allowed Golgi ribbon
formation [73]. Conversely, injection of the constitutively
active p47(S140A) variant inhibited Golgi disassembly,
suggesting a major role of the p97 pathway in regulating
Golgi dynamics [94]. These data seem to contrast with
other results obtained after over-expression of the ATPase-
deficient variants NSF(E329Q) and p97(E578Q) [34].
Whereas NSF(E329Q) caused disassembly of the Golgi
ribbon, no effect was observed with p97(E578Q). How-
ever, some aspects need to be considered when interpret-
ing these results. First, no ultrastructural analysis of the
extent of vesiculation of the Golgi after mitosis was
undertaken in p97(E578Q) expressing cells. Furthermore,
although p97–Ufd1–Npl4 clearly requires ATP hydrolysis
for its function, it has not been established whether this is
true for p97–p47. The p97(E578Q) mutant may therefore
be functional during Golgi reassembly. And finally,
although an effect on the predominant role of p97–
Ufd1–Npl4 in ER-associated degradation was observed,
other roles during exit from mitosis including nuclear
formation and spindle disassembly were seemingly unaf-
fected. This points to an efficient, yet incomplete
inhibition of p97 function in these experiments. Therefore,
further experiments will hopefully clarify the relevance of
p97 function for Golgi reformation in vivo.
Lastly, it will be important to understand the potential
link between the NSF and p97 pathways. Work on the
ubiquitin-like modifier SUMO in unrelated processes
revealed that it can cross-talk with the ubiquitin system
[134]. It is therefore not unlikely that the NSF and p97pathways may converge on a GATE-16 dependent step,
particularly since it has not been excluded that GATE-16
may also modify proteins.
The recent implication of members of the ubiquitin
family in Golgi reassembly has revealed new twists in this
process, but has also raised many new questions. As always,
this already indicates that progress has been made that may
finally help us to understand the process.Acknowledgements
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SNAREs (soluble N-ethylmaleimide-sensitive factor attachment protein receptors) are now generally accepted to be the major players in
the final stage of the docking and the subsequent fusion of diverse vesicle-mediated transport events. The SNARE-mediated process is
conserved evolutionally from yeast to human, as well as mechanistically and structurally across different transport events in eukaryotic cells.
In the post-genomic era, a fairly complete list of ‘‘all’’ SNAREs in several organisms (including human) can now be made. This review aims
to summarize the key properties and the mechanism of action of SNAREs in mammalian cells.
D 2005 Published by Elsevier B.V.Keywords: Soluble N-ethylmaleimide-sensitive factor attachment protein receptor; Vesicle fusion; Membrane traffic; Synaptic transmission; Exocytosis;
Endocytosis1. Introduction
The highly-organized eukaryotic cell contains many
membrane-enclosed intracellular organelles/compartments
and it requires precise mechanisms to govern protein
transport between different organelles, particularly in the
secretory and endocytic pathways. Small shuttling vesicles
(such as synaptic vesicles of neurons) or larger transport
containers (such as zymogen granules of pancreatic acinar
cells) are the major intermediates in anterograde or
retrograde translocation of proteins between various
compartments in the secretory and endocytic pathways.
The basic steps underlying vesicle-mediated transport are
vesicle/container formation from a donor compartment,
translocation of transport intermediates to a target
compartment, tethering of transport intermediates with
the target compartment, and, finally, the docking and
fusion of vesicles/containers with the target compartment
[1].
SNAREs function in the final event of docking of
vesicles/containers with the target compartment and cata-0167-4889/$ - see front matter D 2005 Published by Elsevier B.V.
doi:10.1016/j.bbamcr.2005.03.014
* Tel.: +65 6568 9606; fax: +65 6779 1117.
E-mail address: mcbhwj@imcb.a-star.edu.sg.lyze the fusion of the apposing membranes of the transport
intermediate and the target compartment [2–4]. Function-
ally, SNAREs can be classified into v-SNAREs that are
associated with the vesicle/container and t-SNAREs that
are associated with the target compartment (Table 1).
Specific interaction of v-SNARE on the transport inter-
mediate with the cognate t-SNARE on the receiving target
compartment underlies the central event of docking and
fusion process of vesicle-mediated transport. Our current
knowledge is that v-SNARE usually consists of a tail-
anchored SNARE having a single SNARE motif, while a
t-SNARE consists of either two or three polypeptides [5].
A heterodimeric t-SNARE is usually comprised of a
member of the syntaxin (Syn) subfamily, which contributes
one SNARE motif as the t-SNARE heavy chain, and a
member of the SNAP-25 subfamily, which contributes two
SNARE motifs as two t-SNARE light chains. A hetero-
trimeric t-SNARE is formed by one member of the Syn
subfamily (as the heavy chain), one member of the
SNARE subfamily related to the N-terminal half of
SNAP-25 (as one of the two light chains), and one
member of the SNARE subfamily related to the C-terminal
half of SNAP-25 (as the other light chain). Interaction
between v-SNARE and t-SNARE leads to the formation of
the trans-SNARE complex (or SNAREpin), in which theta 1744 (2005) 465 – 517
Table 1
Classification of SNAREs. Functionally, SNAREs can be classified into
v-SNAREs associated with the vesicle (or other forms of transport
intermediates) and t-SNARE associated with the target compartment
A t-SNARE is generally assembled from one heavy chain and two light
chains of SNARE domains. The two light chains can come from one or two
proteins. Based on the residue in the 0 layer in the four-helical SNARE
bundle of the SNARE domain, SNAREs can be structurally divided into
Q-SNAREs (those having a Q/Gln residue) and R-SNARE (those having an
Arg/R residue). The Q SNAREs can be further subdivided into Qa-, Qb-,
and Qc-SNAREs based on amino acid sequence of the SNARE domain.
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517494four SNARE motifs assemble as a twisted parallel four-
helical bundle, which catalyzes the apposition and fusion
of the vesicle with the target compartment [6–8].Fig. 1. The general mode of SNARE action using t2. The general mode of SNARE action
All newly-made SNAREs are first delivered to their
hosting compartment(s) via the secretory and endocytic
pathways. The general mode of action of SNAREs in
vesicle-mediated transport is highlighted in Fig. 1. First, the
v-SNARE is packaged together with other cargo proteins
into the budding vesicle so that the resulting transport
intermediate is competent to fuse with the target compart-
ment. SNAREs may also play an active role in the formation
of the vesicle through direct interaction with coat proteins,
as exemplified by the interaction of SNAREs with COPII
coat proteins during the formation of vesicles from the
endoplasmic reticulum (ER) [9,10]. Interaction of SNAREs
with the COPI machinery has also been observed [11].
Similarly, the interaction of Vti1b with epsinR is involved in
the formation of shuttling vesicles between the late endo-
some and trans-Golgi network (TGN) [12]. A role for
VAMP2 in rapid endocytosis of synaptic vesicles also
suggests that SNAREs function in driving the formation of
transport vesicles [13].
Next, during the tethering event mediated by various
tethering factors [14,15], vesicles are positioned precisely at
the region of the target compartment where the t-SNAREshe synaptic SNARE complex as an example.
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517 495are located. The tethering factors, which act over a longer
distance than the SNAREs, interact with both the vesicle
and the target compartment to facilitate the subsequent
pairing of the v-SNARE with the cognate t-SNARE. For
example, the tethering factor p115 enhances the formation
of two SNARE complexes in the early secretory pathway
[16].
In the third stage, the interaction of v-SNAREs and
t-SNAREs on the two opposing membranes mediates the
short-range docking of the vesicle with the target compart-
ment followed by the formation of a trans-SNARE complex
[17–20]. The SNARE motifs are believed to be ‘‘unstruc-
tural’’ before complex assembly and become highly
organized into a four-helical bundle during the formation
of the trans-SNARE complex. The energy released during
the SNARE complex assembly (which functions like a
zipper and the zippering starts from the N-terminal side and
progresses toward the C-terminal end) may overcome the
energy barrier for membrane opposition created largely by
the negative charges of phospholipid headgroups of the lipid
bilayers. The trans-SNARE complex may thus directly
catalyze the fusion of the two apposing membranes. After
fusion, the complex becomes a cis-SNARE complex in the
target compartment.Fig. 2. The general structural frameFinally, to be ready for the subsequent rounds of tran-
sport, the cis-SNARE complex needs to be disassembled.
This is catalyzed by the combined action of a-SNAP
(soluble N-ethylmaleimide-sensitive factor attachment pro-
tein) and NSF (N-ethylmaleimide-sensitive factor) which is
an ATPase. Interaction of NSF (in the form of a hexamer)
and three a-SNAPs with the cis-SNARE complex leads to
the formation of a transient 20 S complex [21–24]. ATP
hydrolysis by NSF leads to the disassembly of the 20 S
complex as well as the cis-SNARE complex. The freed
v-SNAREs can then be recycled to the donor compartment
by retrograde transport, while the t-SNARE subunits can be
re-organized into functional t-SNAREs for the next round of
docking and fusion events.3. General structural features of SNAREs
3.1. Most SNAREs are anchored to the cytoplasmic side of
the membrane via a carboxyl (C)-terminal membrane
anchor
SNAREs are generally small proteins of around 100–
300 amino acids in length (Fig. 2, Table 1). The coreworks of different SNAREs.
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SNARE motif of about 60 residues that is present in all
SNAREs (Figs. 2 and 4) [25,26]. Around 36 distinct
SNAREs are known in mammalian cells and the major
features of the 36 human SNAREs are summarized in Table
2 [17,27,28]. The majority (31 out of the 36 SNAREs) is
also characterized by a C-terminal hydrophobic region that
functions as a membrane anchor (Fig. 1), anchoring the
polypeptide to the cytoplasmic side of the membrane and
oriented the rest of the polypeptide towards the cytoplasm.
The other 5 SNAREs (SNAP-23, SNAP-25, SNAP-29,
Syn11, and Ykt6) do not have a C-terminal membrane
spanning domain, but are instead attached to the membrane
by prenylation (Ykt6) [29], palmitoylation of Cys residues
(SNAP-25, Ykt6, and Syn11) [29–31], and/or interactionTable 2
List of human SNAREs and their properties
Name Yeast homolog Locations AA SNARE motif
Syntaxin1 Sso1p/Sso2p PM 288 202–254
Syntaxin2 PM 288 201–253
Syntaxin3 PM 289 201–253
Syntaxin4 PM 297 210–262
Syntaxin5 Sed5p Go 301 219–271
Syntaxin6 Tlg1p TGN and End 255 173–225
Syntaxin7 Pep12p EE and LE 261 175–227
Syntaxin8 Syn8p EE and LE 236 155–207
Syntaxin10 TGN 249 167–219
Syntaxin11 TGN and LE 287 214–266
Syntaxin13 EE 276 188–240
Syntaxin16 Tlg2p TGN 325 240–292
Syntaxin17 ER 302 172–224
Syntaxin18 Ufe1p ER 335 253–305
SNAP-23 Sec9p PM 211 24–76 and 156–208
SNAP-25 Spo20p PM 206 29–81 and 150–202
SNAP-29 Go and End 258 60–112 and 206–258
VAMP1 Snc1p/Snc2p SV 118 34–86
VAMP2 SV 116 32–84
VAMP3 EE and RE 100 15–67
VAMP4 TGN and EE 141 53–105
VAMP5 PM 116 6–58
VAMP7 Nyv1p LE and Ly and PM 220 126–178
VAMP8 EE and LE 100 13–65
Ykt6 Ykt6p Go 198 139–191
Sec22a ER and IC 282 135–187
Sec22b Sec22p IC and cis-Go 215 135–187
Sec22c ER and IC 250 135–185
Bet1 Bet1p IC, cis-Go 118 36–88
GS15 Sft1p Go 111 25–77
GS27 Bos1p IC and Go 212 130–182
GS28 Gos1p Go 250 170–222
Vti1a Vti1p trans-Go 217 132–184
Vti1b EE and LE 232 146–198
Slt1 Slt1p/Use1p ER 259 173–225
Sec20 Sec20p ER 228 132–184
Mammalian homologues of yeast Vam3p and Vam7p have not been defined yet.
retrieval signal [146] and the longer form of human Syn5 has the GenBank acces
Go: cis-Golgi compartments; trans-Go: trans-Golgi compartments; TGN: trans-G
RE: recycling endosomes; Ly: Lysosomes; ER: endoplasmic reticulum; IC: ER-Go
acid residues; TM: transmembrane domain.with other SNAREs that are anchored by C-terminal tails
[32].
3.2. Segregation of SNARE motifs into Qa/Syn, Qb(S25N),
Qc(S25C), and R(VAMP) subfamilies
Although SNAREs are functionally classified as v-
SNAREs or t-SNAREs, they can be structurally also
distinguished as Q or R types [26] (Table 1). Most
SNAREs (33 out of the 36) contain only one SNARE
motif near the C-terminal tail anchor or the C-terminus,
but 3 of these (SNAP-23, SNAP-25, and SNAP-29)
contain two tandem SNARE motifs separated by a linker
region. The N-terminal SNARE motifs of these three
SNAREs are more homologous to each other than to theTM domain GenBank acc # Synonyms Type
266–288 Q16623 HPC-1 Qa
265–286 P32856 Epimorphin Qa
264–288 NM_004177 Qa
274–296 Q12846 Qa
280–301 U26648 Qa
235–255 AJ002078 Qc
238–259 U77942 Qa
216–233 NP_004844 Qc
229–249 AF035531 Qc
No O75558 Qa
251–273 NP_803173 Syntaxin12 Qa
302–322 NP_001001433 Qa
230–250 NP_060389 Qa
314–330 Q9P2W9 Qa
No NP_003816 Syndet Qb and Qc
No NP_003072 Qb and Qc
No O95721 GS32 Qb and Qc
97–117 P23763 Synaptobrevin1 R
95–114 NP_055047 Synaptobrevin2 R
78–98 NP_004772 Cellubrevin R
119–137 NP_973723 R
73–93 NP_006625 R
189–214 NP_005629 Ti-VAMP R
76–99 NP_003752 Endobrevin R
Prenyl AAB81131 R
190–208 AAD43013 ?
196–215 NP_004883 ERS-24 R
186–204 AAD02171 ?
96–115 NP_005859 Qc
87–106 AAF37877 Qc
192–212 O14653 Membrin, Gos-27 Qb
231–250 O95249 GOS-28 Qb
193–214 BI830707 and BF805294 Vti1-rp2 Qb
207–229 NP_006361 Vti1-rp1 Qb
232–252 BC008455 Use1, p31 Qc
203–220 NP_001196 Bnip1 ?
Syn5 has a longer version with N-terminal extension which harbors an ER
sion number CAD97668. PM: plasma membrane; Go: Golgi apparatus; cis-
olgi network; End: endosomes; EE: early endosomes; LE: late endosomes;
lgi intermediate compartments; SV: synaptic vesicles; AA: number of amino
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517 497C-terminal SNARE motif of the same protein. The same
is also true for the C-terminal SNARE motif. Accord-
ingly, the N-terminal SNARE motif of SNAP-25 defines
a subfamily (S25N) of SNARE domains, while the C-
terminal SNARE motif of SNAP-25 defines another
subfamily (S25C). The SNARE motifs of GS27, GS28,
Vti1a, and Vti1b are more structurally similar to the
S25N motif, while the SNARE motifs of Syn6, Syn8,
Syn10, GS15, Bet1, and Slt1 conform structurally to the
S25C motif. SNARE motifs of the remaining SNAREs
belong to either the Syn subfamily (Syn1, 2, 3, 4, 5, 7,
11, 13, 16, 17, and 18) or the VAMP subfamily
(VAMP1, 2, 3, 4, 5, 7, 8, Sec22b, and Ykt6). The
SNARE-like motifs of Sec22a, Sec22c, and Sec20/BNIP1
segregate together in the phylogenetics analysis and are
more divergent (Fig. 3). In summary, the SNARE
proteins may be segregated into four major subfamilies
based on the amino acid sequence homologies of the
SNARE domains, as shown in Fig. 3. The Syn subfamily
is also referred to as Qa subfamily, while the S25N and
S25C are the Qb and Qc subfamilies, respectively.
Members of the VAMP subfamily are all R-SNAREs
[7,8,17,28]. The classification of Qa, Qb, Qc, and R
SNAREs is based on the residue at the position of the
zero ionic layer of the 4-helical bundle (see Section 3.3).
Analysis of SNARE complex formation in reconstituted
lipid vesicles has provided another designation for t-
SNAREs. Qa/Syn SNARE is considered to be the heavy
chain, while Qb and Qc SNAREs (either from the same
protein such as SNAP-25 or from two different proteins)
are considered as the light chains [5,7,8].
3.3. A SNARE complex consists of a four-helical bundle
assembled from one member from each of the four
subfamilies
The crystal structure of the synaptic SNARE complex
consisting of the SNARE domain of Syn1, S25N, S25C, and
VAMP2 (Fig. 3B, upper panel) reveals that the four SNARE
domains form a twisted parallel 4-helical bundle with each
SNARE domain contributing one helix [7]. In this manner,
the formation of the trans-SNARE complex will serve to
‘‘zipper up’’ (from the N- to the C-terminal end) the two
apposing membranes by bringing closer the tail anchor of
VAMP2 to that of Syn1. The energy generated during the
formation of the four-helical bundle has been proposed to be
the driving force for the fusion process [33]. Within the
interior of the SNARE bundle, the four helices are
connected by 16 layers of interacting surfaces mediated by
the side chain of the residues which are mostly hydrophobic
and are arranged perpendicular to the axis of the four-helical
bundle. The middle of the bundle is usually characterized by
a layer (defined as the 0 layer) of interaction mediated by
hydrophilic residues of three Gln (Q) residues (contributed
each by Syn1, S25N and S25C), and one Arg (R) residue
(contributed by VAMP2) (Fig. 3C) [7,26]. The 7 layers ofinteraction preceding the 0 layer are defined as 7 to 1,
while the 8 layers C-terminal to the 0 layer are defined as 1
to 8. As mentioned above, SNAREs are thus structurally
classified as Q-SNAREs and R-SNAREs dependent on the
presence of either Q or R at this position, with the
Q-SNAREs further divided into Qa (for Syn subfamily),
Qb (for S25N subfamily), and Qc (for S25C subfamily)
SNAREs [26,28]. Solution of the crystal structure of an
endosomal SNARE complex consisting of the SNARE
domains of Syn7 (Qa), Vti1b (Qb), Syn8 (Qc), and VAMP8
(R) (Fig. 3B, lower panel) supports this stoichiometric
principle derived from analysis of the neuronal SNARE
complex [8]. It is now generally believed that one member
of each subfamily contributes a single SNARE motif,
resulting in the Qa:Qb:Qc:R configuration of a SNARE
complex. Thus, in general, most v-SNAREs are R-SNAREs
(such as VAMP1, 2, 3, 4, 5, 7, and 8) although some
R-SNAREs (such as Sec22b and Ykt6) may function as one
of the two light chains of t-SNARE. Qa SNAREs are always
the heavy chain of a t-SNARE and Qb SNAREs usually
participate as one of the light chain. Most Qc SNAREs act
as a light chain of t-SNARE, but some Qc SNAREs (such as
GS15, Bet1 and likely Slt1) may function as v-SNAREs
[3,5,34,35].
3.4. Classification of the N-terminal region of SNAREs
Most SNAREs (except for VAMP1, 2, 3, 5, 8, GS15,
Bet1, SNAP-23, SNAP-25, and SNAP-29) are also charac-
terized by an extended N-terminal domain with coiled-coil
regions (Figs. 2 and 4) [36]. The N-terminal region of these
SNAREs can be divided into 5 major types. The first is
represented by Qa/Syn SNAREs and has a three-helical
(consisting of Ha, Hb, and Hc regions) bundle preceded by
an N-terminal domain (Figs. 2, 5 and 6). The Habc 3-helical
bundle in some Qa SNAREs such as Syn1 and Syn7 can
fold back to interact with the C-terminal SNARE motif,
generating a closed conformation [33,36–38], while the
Habc bundle of other Qa SNAREs such as Syn5 and Syn16
does not interact with the C-terminal SNARE motif and has
an open conformation [36,39–42]. The closed conformation
of Qa SNAREs needs to be opened by some regulators
before and/or during the assembly of t-SNARE. The N-
terminal domain of some Qa SNAREs is involved in the
interaction with such regulators. SLY1 binds with the N-
terminus of Syn5 and Syn18 [40–42] and VPS45 with the
N-terminus of Syn16 [39]. The N-terminal helical regions of
Vti1b, Syn6, and Syn8 have been shown to form a three-
helical bundle [38,43]. The sequence similarities of Vti1a,
GS27 and GS28 with Vti1b (Fig. 6A) and bioinformatics
analysis [43] predict that the N-terminal region of Vit1a,
GS27 and GS28 also forms a three-helical bundle. Syn10 is
highly homologous to Syn6 (Fig. 6B) and its N-terminal
region may also adopt a structure similar to that of Syn6.
The third type of N-terminal extension is characterized by
those of Ykt6 and Sec22b and it has been referred to as
Fig. 3. Phylogenetic tree of SNAREs. (A) Segregation of human SNAREs into four major groups (Qa/Syn; Qb/S25N, Qc/S25C, and R/VAMP) according to
their amino acid relatedness of their SNARE motifs. (B) Similar four-helical bundle of synaptic (upper) [7] and endosomal (lower) [8] SNARE complexes, as
depicted using the PyMol program (http://pymol.sourceforge.net/). (C) The 0-layer of neuronal SNARE complex as depicted also using PyMol program.
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Fig. 4. Amino acid sequence alignment of the SNARE motifs of human Qa SNAREs, Qb SNAREs, Qc SNAREs, and R SNAREs as indicated. The positions in
the four-helical SNARE bundle (bottom) of some conserved residues of Qc and R SNAREs (shown in sticks) are indicated by dashed lines.
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517 499longin domain [44,45] (Fig. 7A). The resolved structure of
the N-terminal region of Ykt6 and Sec22b shows that they
adopt a profilin-like structure consisting of a h-sheet
(formed by five antiparallel h-strands (h1–h5) with the
first a-helix (a1) on one side and two C-terminal
antiparallel a-helices (a2 and a3) on the other side of thebeta-sheet (Fig. 7B) [46,47]. Like Syn1, Ykt6p adopts a
folded back (closed) conformation in which the N-terminal
profilin-like domain binds to its C-terminal SNARE domain
[46]. Although the N-terminal region of Sec22b also has a
profilin-like structure, Sec22b is likely to adopt an open
conformation as the N-terminal domain does not affect the
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517500
Fig. 6. Qb and Qc SNAREs with a single SNARE motif. (A) Alignment of amino acid sequences of human Qa SNAREs GS27, GS28, Vti1a, and Vti1b. The
potential helical regions (based on that of Vti1b [38]), the core SNARE motif and TM are indicated. (B) Alignment of amino acid sequences of human Qb
SNAREs Syn6, Syn10 and Syn8. The potential helical regions (based on that of Syn6 [43]), the SNARE motif and TM are indicated.
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sequence similarities (Fig. 7A) suggest that the N-terminal
regions of VAMP7, Sec22a and Sec22c are also likely to
have a profilin-like structure. Interestingly, the Trs20/SEDL
subunit of the TRAPP complex, which is involved in the
tethering process in the early secretory pathway, also
exhibits a profilin-like structure [48]. This raises the
possibility that this tethering complex could modulate the
function of SNAREs containing profilin-domain through
competitive interaction with some common regulators yet to
be identified. The longin domain of Ykt6 is shown to have
palmitoylating activity towards itself and other proteins,
such as yeast Vac8p during vacuolar fusion [49,50].
Whether other longin domains are able to mediate palmi-
toylation remains to be investigated. The forth type of
N-terminal extension is exemplified by that of VAMP4, anFig. 5. Qa syntaxins. (A) Amino acid sequence alignment of human Syn1, Syn2, Sy
are indicated. The core SNARE motif and the C-terminal transmembrane (TM)
sequences of human Syn7, Syn13 and Syn16. The VPS45-binding region of S
asterisks. The core SNARE and TM domains are also indicated. (C) Alignment of a
region of Syn5 and Syn18 is boxed with key residues involved in interaction in
indicated. (D) Segregation of syntaxins into three major subgroups based on amino
region of rat Syn1 [147] as depicted using the PyMol program.R-SNARE enriched in the trans-Golgi network (TGN).
VAMP4 is present only in vertebrates and the N-terminal
extension is well conserved among various orthologues
(Fig. 8). One of the functions of the N-terminal extension is
to direct the targeting of VAMP4 to the TGN and it involves
a signal harboring a di-leucine motif and an acidic cluster
[51–53]. Finally, the N-terminal extensions of Sec20 and
Slt1 have not been characterized [54–56]. Collectively, the
N-terminal domain of SNAREs is involved in diverse
regulations of SNAREs such as intramolecular regulation of
the functionality of the SNARE domain (such as Syn1 and
Ykt6), interaction with regulatory factors (such as Munc18-
1 interaction with the closed Syn1, interaction of VPS45
with the N-terminus of Syn16, and binding of SLY1 to the
N-terminus of Syn5 and Syn18), intracellular targeting of
the SNARE (the N-terminal extension of VAMP4), enzy-n3, Syn4 and Syn11. The Habc regions according to those defined for Syn1
hydrophobic tail anchor are also indicated. (B) Alignment of amino acid
yn16 is boxed with key residues involved in interaction indicated by red
mino acid sequences of human Syn5, Syn17, and Syn18. The SLY1-binding
dicated by red asterisks. The core SNARE and TM domains are similarly
acid sequence homologies. (E) The three-helical bundle of N-terminal Habc
Fig. 7. Longin domains. (A) Amino acid sequence alignment of N-terminal Login domains of VAMP7, Ykt6, Sec22b, Sec22a, and Sec22c. The regions with
defined secondary structures based on Sec22b [47] are indicated. (B) The profilin-like fold of the N-terminal login domain of Sec22b as depicted using the
PyMol program with the secondary structures indicated.
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defined.4. The emerging concept of SNARE action
The current concept of the action of SNAREs is that
combinatory use of the various members of the Qa-, Qb-,
Qc-, and R-SNAREs will give rise to a wide array of
SNARE complexes, whose functions are determined in part
by the subcellular targeting of newly-made SNAREs. A
given SNARE such as Syn5 can be incorporated into (and is
indeed found in) several different SNARE complexes
(Syn5/GS27/Bet1/Sec22b, Syn5/GS28/Bet1/Ykt6, and
Syn5/GS28/GS15/Ykt6) to mediate different transport
events (Fig. 9) [16,57,58]. Similarly, the same t-SNARE
such as Syn4/SNAP-23 interacts with different v-SNAREs
such as VAMP2 [59], VAMP3 [60], VAMP7 [61], orVAMP8 [62] depending on the cell types. The same v-
SNARE such as VAMP8 interacts with different t-SNAREs
in different transport events of different cells: VAMP8 is
present mainly in endocytic SNARE complexes (with Syn7/
Vti1b/Syn8) in liver hepatocytes [63], but it interacts
primarily with the surface t-SNARE (Syn4/SNAP-23) in
pancreatic acinar cells [62]. The t-SNARE in the TGN
assembled from Syn16, Vti1a, and Syn6 interact with either
VAMP3 or VAMP4 as the v-SNARE [64]. Similarly, the
endosomal t-SNARE assembled from Syn7, Vti1b, and
Syn8 interacts with either VAMP7 or VAMP8 [62,65].5. Known SNARE complexes (SNAREpins) in
mammalian cells
Several SNARE complexes have been defined to
function in various transport events in the secretory and/
Fig. 8. Alignment of amino acid sequences of N-terminal extension of VAMP4 from various species (h: human; r: rat; m: mouse; z: zebrafish; f: Fugu;
x: Xenopus). The di-leucine and acidic cluster important for TGN accumulation of VAMP4 are indicated.
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517 503or endocytic pathways of mammalian cells (Fig. 9). The
complex consisting of Syn5 (Qa), GS27 (Qb), Bet1 (Qc),
and Sec22b (R) appears to function in mediating homo-
typic fusion of ER-derived COPII vesicles into larger
transport intermediates referred to as EGTC (ER-Golgi
transport container), ERGIC (ER-Golgi intermediate com-
partment), or VTC (vesicular tubular cluster) [66,67].
Based on systematic analysis of yeast SNAREs [34], a
similar SNARE complex is found in yeast. Since yeast
Bet1p is the functional v-SNARE, Bet1 is likely the v-
SNARE, while Syn5, GS27, and Sec22b may form the t-
SNARE, although this remains to be experimentally
investigated. EGTCs are dynamic structures that undergo
maturation events (including recycling of proteins back to
the ER) as they move towards the Golgi apparatus [68].Fig. 9. Schematic summary of known mammalian SNARE complexes and their s
SNAREs are indicated in red.The SNARE complex consisting of Syn5 (Qa), GS28 (Qb),
Bet1 (Qc), and Ykt6 (R) is suggested to act in the late
stage of transport from the ER to the Golgi and is likely to
mediate the fusion of matured EGTCs with the cis-face of
the Golgi apparatus [57]. A likely possibility is that Bet1
stays on the EGTC and acts as the v-SNARE responsible
for interaction with another t-SNARE assembled from the
same heavy chain (Syn5) but two different light chains
(GS28 and Ykt6) at the cis-Golgi. Retrograde transport
vesicles are formed by COPI coat proteins in the maturing
EGTCs and cis-Golgi for ER recycling and to maintain a
dynamic balance of membrane traffic in the early part of
the secretory pathway. The ER SNARE complex consist-
ing of Syn18 (Qa), Sec20 (Qb-equivalent?), Slt1/Use1/p31
(Qc), and Sec22b (R) is likely to be responsible forite(s) of action in the exocytic and/or endocytic pathways. The potential v-
W. Hong / Biochimica et Biophysica Acta 1744 (2005) 465–517504receiving the recycling traffic [54–56,69]. In view of its
segregation with Bet1 and GS15 (Fig. 3), Slt1 may act as
the v-SNARE for the recycling vesicle to interact with t-
SNARE assembled from Syn18, Sec20 and Sec22b in the
ER. Like the interaction of yeast Sec20p with its regulator
TIP20 [70], the mammalian Sec20 also interacts with
RINT-1, a mammalian protein homologous to TIP20 (54,
69). The SNARE complex consisting of Syn5 (Qa), GS28
(Qb), GS15 (Qc), and Ykt6 (R) functions in intra-Golgi
traffic and a similar complex is also found in yeast (16, 35,
58). Based on analysis in yeast, GS15 acts as the v-
SNARE, interacting with t-SNARE assembled from Syn5,
GS28, and Ykt6 [35]. In addition, a recent study suggests
that this SNARE complex also mediates traffic from the
endosomal compartments to the Golgi apparatus [71] and
that GS15 is shifted to the endosomes when the endosomal
function is perturbed. The endosomal compartments are
known to be integrated with the secretory pathway by
retrograde traffic from various endosomal compartments to
the TGN. The major SNARE complex functioning in the
retrograde traffic from early/recycling endosomes to the
TGN consists of Syn16 (Qa), Vti1a (Qb), Syn6 (Qc), and
VAMP4 (R) [64]. VAMP4 is most likely the v-SNARE for
transport intermediates derived from early/recycling endo-
somes and it interacts with t-SNARE assembled from
Syn16, Vti1a, and Syn6 at the TGN. The same TGN t-
SNARE interacts also with VAMP3, which plays a minor
role in this retrograde recycling pathway [64]. Although
retrograde transport from the late endosome to the TGN
has been well established, the exact nature of the SNARE
complex involved in this event is currently unknown.
Several SNARE complexes are implicated in the
endocytic pathway. Syn13 is likely the major Qa SNARE
functioning in the early/sorting endosome and it interacts
with SNAP-25 (Qb and Qc) and VAMP2 (R) to regulate
fusion of early/sorting endosomes [72,73]. VAMP2 is the v-
SNARE in this fusion event. Syn7 (Qa) is distributed
throughout the entire endocytic pathway and is enriched in
the later compartments of the endocytic pathway. Syn7
interacts with Vti1b (Qb) and Syn8 (Qc) to form the t-
SNARE, which acts both in the late endosomes and
lysosomes. By interacting with VAMP8, this t-SNARE
may regulate fusion events in the late endosome [63].
Fusion of the late endosome with the lysosome or
homotypic lysosome fusion might use the same t-SNARE
but a different member of the VAMP subfamily (VAMP7) as
the v-SNARE [65].
Exocytic traffic from the TGN to the cell surface is not
only important for constitutive secretion and biogenesis of
the plasma membrane but also for regulated traffic in
diverse physiological processes. The neuronal SNARE
complex consisting of Syn1, SNAP-25, and VAMP2 is the
best studied and has served as a paradigm for other vesicular
transport events [2,7,18,19]. The functionality of VAMP2 as
the v-SNARE, the assembly of the t-SNARE from Syn1 and
SNAP-25, as well as the activity of the assembled trans-SNARE complex in mediating synaptic vesicle fusion with
the plasma membrane are subjected to diverse regulatory
mechanisms. This SNARE complex is also the converging
point for many cellular regulations on presynaptic events in
the brain.
A major mode of insulin action is to mobilize glucose
transporter 4 (GLUT4) by stimulating fusion of GLUT4-
containing intracellular vesicles with the plasma membrane.
In this case, VAMP2 functions as a v-SNARE for GLUT4-
containing vesicles and it interacts with t-SNARE
assembled from Syn4 and SNAP-23 [59]. VAMP8 was
recently shown to be the premier v-SNARE of zymogen
granules in pancreatic acinar cells and it mediates regulated
fusion with the apical surface, interacting with t-SNARE
assembled from Syn4 and SNAP-23 [62]. The Syn4/SNAP-
23 t-SNARE may also mediate the fusion of secretory
lysosomes with the plasma membrane by interacting with
VAMP7 as the v-SNARE [61]. The exact SNARE complex
involved in constitutive transport from the TGN to the
surface remains to be defined, although ubiquitously-
expressed Syn2, 3, and/or 4 are likely the heavy chains of
the t-SNARE. These Syns have been shown to exhibit
differential distributions in either the apical or the baso-
lateral domain of polarized epithelial cells and may be a
contributing factor to polarized traffic from the TGN to
various surface domains [74,75]. The v-SNARE for general
TGN-surface transport remains unknown, although VAMP7
is implicated in apical transport in polarized epithelial cells
by acting as a v-SNARE [76].6. Regulation of SNARE function
The function of SNAREs is subjected to diverse
regulation at various stages of their generation and action.
These include transcriptional regulation of gene expression,
targeting of SNAREs to the correct compartment (s), the
functionality of v-SNARE in the vesicle, the assembly and
functional status of t-SNARE in the target compartment,
long-range interaction of vesicles with the target compart-
ment during tethering, and the assembly and activity of the
trans-SNARE complex. Many regulators are being uncov-
ered and they play either positive and/or negative roles in
the functionality of SNAREs or SNARE complexes. In
addition, post-translational modifications such as phosphor-
ylation [53,77–79], palmitoylation [29–31], and prenyla-
tion [29,80] are also likely to regulate the function of
SNAREs. The major regulators are summarized in Figs.
10–12, and/or Table 3. Examples of these regulators are
briefly described here.
6.1. NSF and a-SNAP
NSF and a-SNAP represent the most essential regulators
of SNAREs as they enable the disassembly of cis-SNARE
complexes. The concerted action of a-SNAP and NSF
Fig. 10. The schematic illustration of the 20 S complex formed by the cis-SNARE complex, three molecules of a-SNAP and an NSF hexamer. The structure of
yeast a-SNAP (1QQE) depicted by PyMol is used to illustrate that the N-terminal sheet and C-terminal globular domain interact with the cis-SNARE complex
and the N-terminal domain of NSF, respectively. Hydrolysis of ATP by NSF (D1 domain) leads to the disassembly of the complex into free SNAREs. The D2
domain of NSF mediates the hexamer formation.
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SNARE-mediated fusion events, releasing free SNAREs for
repeated use. Three molecules of a-SNAP act as bridges to
link up the cis-SNARE complex with a hexameric NSF to
form a transient 20 S complex (Fig. 10) [21–24]. NSF
contains an N-terminal (N) domain of about 200 residues
followed by two ATPase domains of about 280 residues
each (designated D1 and D2 for the first and C-terminal
domains, respectively). The D2 ATPase domain mediates
the hexamerization of NSF, while the N domain interacts
with a C-terminal globular domain (consisting of C-terminal
5 a-helices) of a-SNAP. The D1 ATPase domain effects the
dissociation of the SNARE complex through hydrolysis of
ATP and conformational changes of the hexamer. The first 9a-helices of a-SNAP arrange in antiparallel to form an N-
terminal sheet whose positively charged residues interact
with the acidic surfaces of the SNARE complex [81].
Association of NSF with a-SNAP into the 20 S complex
stimulates the ATPase activity of the former. The functional
importance of a-SNAP is underscored by genetic analysis
of hyh (hydrocephalus with hop gait) mouse and the
discovery that the hyh phenotype is due to a mutation of
a-SNAP gene [82]. A role for a-SNAP in apical protein
localization and control of neural cell fate has been
suggested. Besides a-SNAP, two homologous proteins
referred to as h-SNAP and g-SNAP are known [83].
h-SNAP is highly homologous to a-SNAP and is expressed
selectively in neurons. h-SNAP can act together with or
Fig. 11. Mammalian SM proteins. (A) List of 7 known mammalian SM
proteins and their major features. (B) Amino acid sequence identities
among the 7 mammalian SM proteins. (C) Phylogenetic tree showing the
segregation of the 7 mammalian SM proteins into four major subtypes.
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[84,85]. Unlike a-SNAP, g-SNAP (which is as widely
expressed as a-SNAP) does not interact with SNAREs,
although it interacts with NSF [86], suggesting that it has a
different role. Consistent with this, a-SNAP but not
g-SNAP is essential for ER-Golgi transport [87].
6.2. Sec1/Munc18-like (SM) proteins
There are at least seven mammalian members of the SM
protein family: Munc18-1, Munc18-2, and Munc18-3,
VPS33A, VPS33B, VPS45, and SLY1 (Fig. 10). Munc18-
1, Munc18-2, and Munc18-3 are functionally homologous
to yeast Sec1p and function at the plasma membrane (PM).
VPS33A and VPS33B correspond to yeast Vps33p and act
in the endocytic pathway. VPS45 and SLY1 correspond to
yeast Vps45p and Sly1p, respectively, and are involved in
traffic at the trans- and cis-faces of the Golgi apparatus
[88,89]. Interactions with Syns occur through the approx-
imately 140 residue N-terminal region of SM proteins [42],
leaving the rest of the molecule for other functions.
Munc18-1, Munc18-2, and Munc18-3 bind to the closed
conformation of Syn1-4. This interaction is dependent on
both the N-terminal Habc region and the SNARE motif of
Syns [37]. SLY1 and VPS45 interact with a short N-terminal
region of Syn5/18 and Syn16, respectively, without theinvolvement of the Habc region or the SNARE motif [39–
41]. This differential binding properties of Munc18s vs.
SLY1 and VPS45 result from the Syn-binding site of
Munc18s being present on the opposite side of the folded
surface in comparison to SLY1 and VPS45 [42]. Although
Munc18-1, Munc18-2, and Munc18-3 are all related to
Sec1p and act at the PM, they are likely to have distinct
functions paralleling the more sophisticated cellular phys-
iology of the vertebrate. Munc18-1 is most abundantly
expressed in the neuron and is involved in synaptic vesicle
fusion [19,88], while Munc18-2 is more widely expressed
and acts to regulate Syn2 and 3 [90,91]. Munc18-3 is
believed to interact preferentially with Syn4 and has been
implicated in GLUT4 translocation to the PM in response to
insulin [59,92]. VPS33A and VPS33B are likely to serve
unique functions as mutations of VPS33A in mice lead to a
buff phenotype [93], while mutation of VPS33B in human is
associated with the arthrogryposis-renal dysfunction-choles-
tasis (ARC) syndrome [94].
6.3. Munc13s
Munc13-1, Munc13-2, Munc13-3, and Munc13-4 are
homologous proteins containing several Ca2+-binding C2
domains implicated in interactions with diacylglycerol,
Ca2+, and phospholipids [95–97]. Munc13-1, Munc13-2,
and Munc13-3 are expressed in different cells/regions in the
brain. Knockout of both Munc13-1 and Munc13-2 abolishes
spontaneous and evoked synaptic transmissions [98].
Munc13-1/2 is proposed to be essential for the priming
process for synaptic vesicles tethered onto the presynaptic
plasma membrane [19]. The priming process empowers the
tethered/docked vesicles with the competence of evoked
fusion. Mechanistically, Munc13-1/2 might facilitate the
dissociation of Munc18-1 from Syn1, to open-up Syn1 so
that it can interact with SNAP-25 to form t-SNARE, and/or
to facilitate the formation of a partial complex of Syn1/
SNAP-25 on the presynaptic membrane with VAMP2 on the
synaptic vesicle [19,99]. A small region (residues 1181-
1345) in the C-terminal part of Munc13-1 has been shown
to interact with N-terminal region (residues 53–79) of Syn1
[99]. The tethering of synaptic vesicles is regulated by Rab3
and its effector RIM1 [19,100]. Since Munc13-1 interacts
with RIM1 [101], the progression from the tethering to the
priming event is therefore regulated by the Rab3–RIM1–
Munc13-1 interaction cascade, meaning that Munc13-1/2
effectively facilitates the formation of the partial trans-
SNARE complex implicated in the early priming event [19].
An important role for Munc13-4 in the regulated secretion
of cytolytic granules at the immunological synapse of
cytotoxic lymphocytes has been revealed. Familial hemo-
phagocytic lymphohistiocytosis (FHL) is associated with
defective cytotoxic lymphocytes. A subtype of FHL (FHL3)
is caused by mutations of Munc13-4, resulting in defective
exocytosis of cytolytic granules. Munc13-4 is suggested to
prime tethered/docked cytolytic granules, rendering them
Fig. 12. Examples of regulators of the neuronal SNARE complex. (A) Alignment of amino acid sequences of the SNARE domains of human amisyn, tomosyn,
tomosyn-like KIAA1006 with those of human VAMP1, VAMP4, and VAMP8. The position of the 0 layer residue is indicated. (B) Alignment of amino acid
sequences of complexin I, complexin II, and two candidate members (complexin III and complexin IV) that are yet to be characterized. The region of a-helix
involved in interacting with the SNARE complex is indicated. The potential prenylation sites of complexin III and complexin IV are indicated. (C) Schematic
illustration of the helix region of complexin I sealing the groove between Syn1 and VAMP2 in the neuronal SNARE complex. The D179, D186, and D193
residues of SNAP25 important for Ca2+-dependent interaction with synaptotagmin I [114] are indicated in red.
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tions with SNAREs [102].
6.4. Complexins
Complexins I and II are small proteins (134 residues)
(Fig. 11B, Table 3) regulating synaptic transmission
[103,104]. They are enriched in neurons where they
colocalize with Syn1 and SNAP-25, although complexin
II is also expressed ubiquitously at lower levels. Analysis of
neurons from knockout mice lacking both complexins I and
II suggests that complexins act at, or following, the Ca2+-
triggered step of fast synchronous transmitter release [105].
Recent structural studies suggest that complexins might
stabilize the trans-SNARE complex formed between the
synaptic vesicle and the presynaptic surface membrane, thus
regulating a late step in Ca2+-triggered neurotransmitter
release [104,106,107]. A complexin I a-helix (residues 32–
72 as indicated in Fig. 11B) binds in an antiparallel
orientation to the groove formed between the Syn1 and
VAMP2 helices in the second half of the SNARE complex
(starting from 3 layer onwards), thus stabilizing the
zippered of the complex (Fig. 11C). Complexins thus actlike ‘‘adhesive tape’’ to seal the groove formed by Syn1 and
VAMP2, ensuring that synaptic vesicles are in the fully-
primed state. Accordingly, complexins are proposed to
complete the priming process of synaptic vesicles by
facilitating the transition the Munc 13-1/2-mediated partially
assembled SNARE complex to the fully assembled state
[19]. In addition, complexins seemingly facilitate interaction
of the transmembrane domains of VAMP2 and Syn1 [108].
Two proteins homologous to complexins I and II, tentatively
named complexins III and IV (Fig. 11B), have been
identified, but their biochemical properties and cellular
roles in traffic have not been investigated. Interestingly,
complexins III and IV contain C-terminal consensus motifs
for prenylation, suggesting that, like Ykt6, they might be
anchored to the cytoplasmic side of the membrane via a
prenyl group.
6.5. Synaptotagmin I
Synaptotagmin I is the premier member of the synapto-
tagmin protein family consisting of at least 13 members
[109]. It is preferentially expressed in neurons and is
associated with the synaptic vesicle as a type I membrane
Table 3
A list of some other human regulators of SNAREs (in addition to SM proteins)
Name of human protein AA # GenBank acc # Interacting SNAREs Reference
a-SNAP 295 NP_003818 SNARE complex [81,83]
h-SNAP 298 NP_071363 SNARE complex [83,84]
g-SNAP 312 NP_003817 SNARE complex [83,86]
NSF 744 NP_006169 a-SNAP-SNAREs [21–24]
Amisyn 210 Q8NFX7 Syn1-SNAP25 [118]
Tomosyn 1115 NP_640337 Syn1-SNAP25 [116,117]
KIAA1006 1186 BAA76850 Syn1-SNAP25 [117]
Pallidin 172 NP_036520 Syn13 [148]
Snapin 136 NP_036569 SNAP-25 [149]
Synip 245 NP_848604 Syn4 [150]
Complexin I 134 NP_006642 SNARE complex [103,107]
Complexin II 134 Q6PUV4 SNARE complex [103,107]
Complexin III 158 AAP41127 ?
Complexin IV 160 NP_857637 ?
Munc13-1 1665 XP_038604 Syn1 [95,99]
Munc13-2 1591 O14795 Syn1 [95]
Munc13-3 1954 XP_085234 Syn1 [95]
Munc13-4 1090 NP_954712 ? [96,97,102]
Synaptophysin 313 NP_003170 VAMP2 [119]
Synaptotagmin I 422 NP_005630 SNARE complex [19,112]
GATE-16 117 NP_009209 GS28 [132,133]
EpsinR 625 Q14677 Vti1b [12]
p115 962 NP_003706 GS28, Syn5 [16]
VCIP135 1222 NP_079330 Syn5/p97/47 [151]
Septin5 369 AAC39779 Syn1 [152]
Granuphilin 671 NP_542775 Syn1 [153]
Hrs 777 NP_004703 SNAP-25 [73,154]
FIG 462 NP_065132 Syn6 [130]
EEA1 1411 NP_003557 Syn6 [129]
Syntaphilin 494 NP_055538 Syn1 [155]
Syntabulin 663 AAU93914 Syn1 [156]
CDC42 191 NP_001782 VAMP2 [136]
SIP30 266 Q8VIL3 SNAP-25 [157]
RINT-1/TIP20 821 NP_068749 Sec20/BNIP1 [54,69]
Taxilin 546 NP_787048 Syn1, Syn3, Syn4 [158]
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lumen of the synaptic vesicle. Its larger C-terminal
cytoplasmic domain contains two tandem Ca2+-binding C2
(C2A and C2B) domains. Exocytosis of synaptic vesicles in
the synapse is strictly regulated by Ca2+ concentrations and
synaptotagmin I is probably the Ca2+ sensor that couples
this ion flux to the exocytosis of synaptic vesicles that
occurs on account of an action potential [110–112].
Synaptotagmin I binds directly to Syn1 and SNAP-25 of
the t-SNARE. The tandem C2 (C2A and C2B) domains
cooperate to enhance the penetration of some hydrophobic
residues into the lipid bilayer of the target compartment in
response to Ca2+. The C2B domain apparently also interacts
with phosphatidyl inositol 4,5-biphosphate (PtdIns4,5P) in
response to Ca2+ binding, thus steering the penetration of
hydrophobic residues of C2A and C2B into the target
membrane [112,113]. Several acidic residues in the
C-terminal region of SNAP-25 (red-colored surfaces indi-
cated in Fig. 12) are known to be important for its Ca2+-
triggered interaction with synaptotagmin-1 [114]. Through
the simultaneously enhanced interactions with t-SNARE
(such as through the acidic residues of SNAP-25),PtdIns4,5P, and the lipid bilayer, synaptotagmin I triggers
the complexin-stabilized trans-SNARE complex to catalyze
the fusion process in the presynaptic membrane in response
to a rise in Ca2+ levels [112,115]. Complexins also appear to
act with synaptotagmin I at this fusion stage by facilitating
the interaction of the transmembrane domains of the vesicle-
located VAMP2 and Syn1 on the pre-synaptic membrane
[108].
6.6. Amisyn, tomosyn, and KIAA1006
The C-terminal region of tomosyn, its closely-related
protein KIAA1006 and amisyn contain a 60-residue region
characteristic of R-SNAREs (Fig. 11A). It has been shown
that the R-SNARE domain of tomosyn and amisyn can
replace VAMP2 and interact with Syn1 and SNAP-25 to
form a non-fusogenic SNARE complex [116–118]. As
tomosyn, KIAA1006 and amisyn do not contain a hydro-
phobic transmembrane domain [116–118], they act as
competitive inhibitors of synaptic vesicle VAMP2 by vying
for the same t-SNARE. In addition, the SNARE complex
formed with tomosyn cannot interact with complexins
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of tomosyn, KIAA1006 and amisyn by factors that may
bind to their respective N-terminal regions provides a
possible avenue for coupling various regulatory processes
to synaptic transmission.
6.7. Synaptophysin
Synaptophysin is one of the major proteins of synaptic
vesicles and is preferentially expressed in neurons. It spans
the membrane four times with both N- and C-termini facing
the cytoplasm [119]. Association of synaptophysin with
VAMP2 inhibits the ability of VAMP2 to interact with
t-SNARE [19,119,120]. A role for synaptophysin in
directing the targeting of newly-made VAMP2 to the
synaptic vesicle has also been proposed [121]. Synaptophy-
sin may therefore regulate the targeting and functionality of
VAMP2. No major defect in synaptic transmission is
observed when synaptophysin is absent in its knockout mice
[122], suggesting that its role in regulating the functional
status of VAMP2 is minor or very subtle. Alternatively, the
lack of a discernible phenotype might reflect the functional
replacement of the absent synaptophysin by its homolog,
synaptoporin, or the more distantly-related proteins such as
synaptogyrin (neuron-enriched) or cellugyrin (ubiquitously-
expressed form of synaptogyrin) [123].
6.8. p115
p115 is a tethering factor that functions by simultaneous
interaction with giantin on COPI-generated vesicles and
with GM130 on the cis-Golgi [124]. A SNARE-related
coiled-coil region of p115 interacts with many SNAREs
(Syn5, GS28, GS27, Ykt6, GS15, Bet1, Sec22b) of the
Golgi apparatus, and its direct interaction with Syn5 and
GS28 has also been demonstrated. Accordingly, p115
stimulates the formation of at least two Syn5-containing
SNARE complexes (Syn5-GS28-GS15-Ykt6 and Syn5-
GS27-Bet1-Sec22b), suggesting that p115 modulates the
formation of trans-SNARE complexes involved in several
transport events in the Golgi apparatus [16]. Mutational
analysis of p115 suggests that the SNARE-modulating
activity of p115 is more important than its tethering activity
in maintaining the structure and function of the Golgi
apparatus [125].
6.9. Hrs
Hrs interacts with SNAP-25 and functions in regulating
the sorting event at the interface between early and late
endosomes [126,127]. Like p115, a SNARE-like coiled coil
region of Hrs is shown to inhibit the incorporation of an R-
SNARE into the SNARE complex through competitive
binding with a t-SNARE complex. Through this activity,
Hrs inhibits early endosomal fusion mediated by Syn13,
SNAP-25, and VAMP2 [73].6.10. EEA1
Rab5 is a major player regulating the sorting endosome
and it acts via several downstream effectors [128]. EEA1 is
one such Rab5 effector and it functions as a tethering factor
regulating fusion of the early endosome [72]. EEA1 has
been shown to interact with Syn6 via its C-terminal region
which is also involved in interaction with Rab5 [129].
Although the majority of Syn6 is detected at the TGN, a
fraction of Syn6 is also found in EEA1-containing sorting
endosomes. The biological consequence of EEA1–Syn6
interaction remains to be investigated.
6.11. FIG
Another protein interacting with Syn6 is the TGN-
localized FIG (also called CAL, PIST, GOPC1) [130].
FIG contains two coiled-coil regions followed by a single
PDZ domain. The second coiled-coil region and its C-
terminal flanking region interact with Syn6. Again, the
biological consequences of this interaction remain to be
investigated. Knockout of the FIG gene in mice results in
selective ablation of acrosome formation during spermato-
genesis [131]. The acrosome is believed to form from the
Golgi apparatus and the absence of FIG leads to fragmented
acrosomal vesicles, suggesting a role for FIG in the fusion
of these vesicles into the acrosome.
6.12. GATE-16
GATE-16 is a small Golgi protein that interacts with both
NSF and GS28 [132]. In addition to disassembling cis-
SNARE complexes through ATP hydrolysis, NSF also
exhibits an ATPase-independent activity during in vitro
Golgi formation. NSF/a-SNAP facilitates the interaction of
GATE-16 with GS28 in a manner that requires ATP-binding
but not ATP hydrolysis. Interestingly, GATE-16 binding
prevents GS28 from interacting with Syn5 [133]. Since
Syn5 is the heavy chain of t-SNARE and GS28 is a Qb-
SNARE that serves as one of the light chains, GATE-16 has
the property of preventing the assembly of a functional
t-SNARE. Interestingly, GATE-16 is a member of a family
of autophagy-related ubiquitin-like proteins (GATE-16,
MAP1-LC3, GABARAP, and Apg8L) that are substrates
of Apg4B protease [133a]. How this property is related to its
role in Golgi function remains elusive.7. Physiological studies of SNAREs
Recent studies on mammalian SNAREs have advanced
from cellular studies to systematic functions in mice,
including the generation of gene knockouts and genetic
analysis of mutant mice. In addition, genetic analyses of
human diseases resulting from mutations in SNAREs and
regulators have also provided additional understanding. The
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the context of the whole organism, as deduced from
targeted gene knockout analysis in mice, genetic analysis
of mutant mice, and/or genetic analysis of human diseases,
are listed in Table 4. Some of these studies are briefly
described below.
7.1. VAMP2
As the v-SNARE of synaptic vesicles in the neuron,
VAMP2 has been extensively studied through various
approaches. More recently, the VAMP2 gene has been
knocked out in mice [134]. Homozygous knockout mice die
immediately after birth. Consistent with the conclusion
drawn from previous studies, neurophysiological analysis of
hippocampal neurons prepared from embryos showed that
the fast Ca2+-triggered fusion of synaptic vesicles with the
presynaptic membrane is decreased more than 100-fold,
thus confirming a key role for VAMP2 in synaptic trans-Table 4
A list of SNAREs and regulators that are investigated by gene knockout experime
Name Reference Major phenotypes
VAMP2 [134] Die after birth; 100-fold d
VAMP3 [137] No major defects
VAMP8 [62] Defect in regulated exocy
Syn4 [141] Die before E7.5; 50% dec
of Syn4+/ mice
Syn11 [165] Mutations caused type 4 F
SNAP-25 [144] Embryonic lethality; evok
Vti1b [143] No major defects but Syn
proteins in hepatocytes
a-SNAP [82] Mutations caused hyh (hy
protein localization and co
Synaptotagmin I [110] Die after birth; evoked sy
Munc18-1 [145] Die after birth; complete l
Munc13-1 [159] 90% reduction of readily
vesicle maturation (primin
Munc13-2 [98] No major defects but with
Munc13-1 and Munc13-2 [98] Mice were often born dea
exocytosis
Munc13-3 [160] Increased paired-pulse fac
complex motor tasks
Munc13-4 [102] Mutations caused type 3 F
exocytosis of lytic granule
Complexin I [105] No major overt defects; se
Complexin II [105,161,162] No major overt defects; re
cognitive function caused
Complexin I and Complexin II [105] Die after birth; defect in a
VPS33a [93] Mutations caused buff phe
VPS33b [94] Mutations caused arthrogr
disorder) likely due to def
Synaptophysin [122] No major defects
Synaptogyrin [123] No major defects
Synaptophysin and synaptogyrin [123] No major overt defects; sh
LTP
Hrs [163] Die around E11; defect in
Abnormally enlarged early
Septin 5 [164] No major defects
FIG [131] Defective in acrosome formission mediated by primed vesicles. In addition, sponta-
neous synaptic vesicle fusion induced by hypertonic sucrose
(which measures exocytosis of the entire pool of readily
releasable vesicles as compared to assessing only primed
vesicles measured by Ca2+-triggered exocytosis) is reduced
by 10-fold. Consistently, spontaneous miniature excitatory
currents occur at about 15% of the frequency of control
neurons. These results suggest that VAMP2 may not be
absolutely essential for vesicle fusion but is a key player that
controls the rate of fusion, particularly for the fast Ca2+-
triggered fusion of primed vesicles. A recent study also
suggests a crucial role for VAMP2 in fast recycling of
synaptic vesicles [13]. After depletion of the readily
releasable vesicle pool, replenishment of the pool is delayed
in VAMP2-null mice. Although the total pre-synaptic
vesicles, docked vesicles, and actively recycling vesicles
are unaffected, the shape and size of vesicles are altered in
the absence of VAMP2. Furthermore, stimulus-dependent
endocytosis of horseradish peroxidase and fluorescent FM1-nts, genetic analysis of mutant mice, or genetic analysis of human diseases
ecrease of evoked synaptic exocytosis
tosis of zymogen granules in pancreatic acinar cells
rease in GLUT4 translocation and glucose uptake by the skeletal muscle
amilial hemophagocytic lymphohistiocytosis (FHL-4) syndrome
ed synaptic exocytosis is abolished
8 is unstable; 20% mice has reduced activity of lysosomal delivery of
drocephalus with hop gait) phenotype of mice due to defects in apical
ntrol of neural cell fate
naptic exocytosis is reduced
oss of synaptic exocytosis; neurodegeneration due to extensive apoptosis
releasable vesicles and evoked transmitter release due to defect in synaptic
g)
sporadic seizures in older animals (above 12 months of age)
d or die after birth; total arrest of synaptic (both evoked and spontaneous)
ilitation at parallel fiber-Purkinje cell synapses; impaired ability to learn
amilial hemophagocytic lymphohistiocytosis syndrome due to defects in
s of lymphocytes
vere neurological symptoms characterized by ataxia
duced hippocampal long-term potentiation (LTP); deficits of motor and
behavioral altercations.
late stage of Ca2+-triggered (evoked) synaptic exocytosis
notype in mice due to defect in biogenesis of lysosome-related organelles
yposis-renal dysfunction-cholestasis (ARC) syndrome (a multisystem
ect in traffic of lysosomes and/or lysosome-related organelles.
ort-term and long-term synaptic plasticity were severely reduced; reduced
ventral folding morphogenesis associated with increased apoptosis;
endosomes
mation during spermatogenesis
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prompt endocytosis leading to quick reuse of synaptic
vesicles following rapid exocytosis triggered by Ca2+.
VAMP2 participates also in regulated secretion of other
cells such as fat and endocrine cells. VAMP2 acts as a v-
SNARE of storage vesicles containing GLUT4 and interacts
with t-SNARE assembled from Syn4 and SNAP-23,
mediating fusion with the plasma membrane in response
to insulin [59,92]. In addition, VAMP2 is implicated in
vasopressin-regulated translocation of aquaporin 2-contain-
ing vesicles [135]. VAMP2 might also regulate secretion of
endocrine cells, such as insulin secretion by pancreatic h-
cells. Interaction of VAMP2 with CDC42 is recently shown
to be involved in coordinating secretion through actin
cytoskeleton arrangement in h-cells [136].
7.2. VAMP3
The amino acid sequence of ubiquitously expressed
VAMP3 is 75% identical to that of VAMP2. It is
preferentially associated with sorting/early and recycling
endosomes. Remarkably, deletion of the VAMP3 gene in
mice exhibits little effects on development or various
physiological processes (such as GLUT4 translocation or
endocytic traffic) [137]. VAMP3 is not necessary for either
regulated GLUT4 translocation or general constitutive
membrane recycling, suggesting that one or more proteins
may provide functional redundancy. VAMP8, present in the
early and late endosomes [63,65], is a prime candidate for
functional overlap with VAMP3, a possibility that awaits
experimental verification.
7.3. VAMP8
The amino acid sequence of VAMP8 is only 32%
identical to that of VAMP2 [138]. The intracellular
distribution of VAMP8 in the endocytic pathway is similar
to VAMP3. Although VAMP8 is ubiquitously expressed, it
is enriched in tissues with epithelial cells such as the
kidney, intestine, pancreas, and lung [139]. VAMP8
mediates homotypic fusion of early and late endosomes
by functioning as a v-SNARE to interact with a t-SNARE
assembled from Syn7, Vti1b, and Syn8 [140]. Deletion of
VAMP8 gene in mice does not significantly affect develop-
ment [62]. Analysis of the endocytic pathway using
VAMP8-null embryonic fibroblasts suggests that the endo-
cytic pathway is not grossly altered in the absence of
VAMP8. However, one striking observation is that VAMP-
null pancreatic acinar cells are filled with an excess number
of zymogen granules (the total number is increased about
3-fold). VAMP8 is enriched in the membrane of zymogen
granules and is necessary for regulated secretion of
zymogen granules, suggesting that VAMP8 is the major
v-SNARE of zymogen granules in pancreatic acinar cells
[62]. The role of VAMP8 in other regulated secretions
remains to be investigated and the hypothesis that it hasoverlapping role with VAMP3 in the endocytic pathway
needs to be tested by experiments.
7.4. Syn4
Syn4 is a widely expressed t-SNARE heavy chain on the
plasma membrane and is enriched in the basolateral surface
of polarized epithelial cells, whereas Syn2 and Syn3 are
targeted preferentially to the apical surface [74,75]. Syn4
may also function at the apical surface as it is detectable
there and has been implicated in apical secretion of
zymogen granules of pancreatic acinar cells [62,75]. Syn4
is apparently essential for early embryonic development as
Syn4-null embryos die before E7.5 [141]. Heterozygous
knockout mice (Syn4+/) developed normally. Interest-
ingly, the Syn4+/ mice manifest impaired glucose
tolerance with a 50% reduction in whole-body glucose
uptake due to a 50% reduction in glucose transport in the
skeletal muscle. Mechanistically, insulin-stimulated GLUT4
translocation in skeletal muscle is also significantly reduced.
However, GLUT4 translocation and glucose uptake are not
obviously affected in the adipose tissue and liver, suggesting
a critical and selective role of Syn4 in insulin-stimulated
GLUT4 deployment and glucose uptake in skeletal muscle
[141]. Syn4 has also been implicated in lipopolysaccharide
(LPS)-induced secretion of tumor necrosis factor (TNF) in
macrophages [142]. Protein levels of Syn4, together with its
interacting proteins (SNAP-23 and Munc18-3), are signifi-
cantly increased by LPS in a temporal pattern coinciding
with TNF secretion. This suggests that Syn4 acts at a rate-
limiting step during TNFa secretion.
7.5. Vti1b
As a Qb light chain, Vit1b interacts with Syn7 (the Qa
heavy chain) and Syn8 (the Qc light chain) to form the
endosomal t-SNARE; thus regulating homotypic fusion of
late endosome through interaction with VAMP8 as the v-
SNARE [63,65]. It is also implicated in the fusion of late
endosomes with lysosomes, and the homotypic fusion of
lysosomes [65]. Knockout of the Vti1b gene does not affect
embryo development and the majority of Vti1b-null mice
behave normally [143]. Interestingly, Syn8 levels are
selectively reduced in Vti1b-null cells, suggesting that
interaction with Vti1b can stabilize Syn8. About 20% of
Vti1b-null mice are smaller and lysosomal degradation of an
endocytosed protein is slightly delayed in hepatocytes of
these mice. Multivesicular bodies and autophagic vacuoles
accumulate in hepatocytes of these smaller Vti1b-null mice.
Whether Vti1a compensates for the loss of Vti1b in these
mice remains to be investigated.
7.6. SNAP-25
SNAP-25 contributes both Qb and Qc SNARE motifs to
the synaptic SNARE complex and thus plays a key role in
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interaction of SNAP-25 with synaptotagmin I is important
for Ca2+-triggered fast exocytosis [114]. Complete ablation
of the SNAP-25 gene results in embryonic lethality of the
mutant mice [144]. The SNAP-25-null embryos are clearly
morphologically abnormal compared to wild type around
E17.5–E18.5, although major brain structures appear
unaltered. Electrophysiological analysis suggests that
SNAP-25 is essential for Ca2+-evoked synaptic transmission
at neuromuscular junctions and central synapses, although
stimulus-independent spontaneous neurotransmitter release
is not dramatically affected. This phenotype is similar to that
of VAMP2-null mice with regards to evoked exocytosis in
the neuron [134].
7.7. Munc18-1
Munc18-1 is believed to bind to Syn1 in its closed
conformation involving both the N-terminal Habc region
and the SNARE motif, thus modulating its interaction with
SNAP-25 and t-SNARE assembly [19,37]. Mice lacking
Munc18-1 develop normally but die immediately after birth
[145]. Brain development and synaptogenesis occur nor-
mally. However, synaptic exocytosis (both Ca2+-evoked and
spontaneous events) is completely lost in the absence of
Munc18-1. This abolition of synaptic transmission leads to
neurodegeneration as a result of extensive apoptosis. The
severe effect of Munc18-1 ablation contrasts with the partial
spontaneous synaptic exocytosis that is observed in the
absence of SNAP-25 or VAMP2. The complete dependence
of synaptic transmission on Munc18-1 cannot be explained
solely by its role in binding Syn1. Munc18-1 must perform
other crucial functions, such as proper folding and intra-
cellular targeting of Syn1, the assembly of the presynaptic
t-SNARE, formation of trans-SNARE complex, and/or
interaction with other regulatory factors.
7.8. Synaptotagmin I
Mice lacking synaptotagmin I develop normally, but the
newborns die within 48 h after birth [110]. Electrophysio-
logical analysis of hippocampal neurons derived from
synaptotagmin I-null mice reveals severe impairment of
synaptic transmission. Ca2+-triggered synchronized synaptic
exocytosis is specifically decreased, whereas asynchronous
slow release processes, such as spontaneous synaptic activity
(miniature excitatory postsynaptic current frequency) and
release triggered by hypertonic solution or alpha-latrotoxin,
are unaffected. This demonstrates a physiological role for
synaptotagmin I in Ca2+-evoked synchronous neurotrans-
mitter release. Subsequent studies using the genetic approach
in mice [111] and biochemical reconstitution in vitro [115]
establish that synaptotagmin I is a Ca2+-sensor that couples
action potential to fast exocytosis, a function dependent on its
Ca2+-regulated interaction with phospholipids, PtdIns4,5P2,
and the trans-SNARE complex [19,112].8. Future perspectives
Although the majority of SNAREs have presumably
been identified and their general principles of action
resolved, much more work is required for a precise
understanding of their various physiological roles, molec-
ular mechanisms of action, and regulation. A higher level of
understanding will likely be achieved through biophysical
approaches that yield quantitative descriptions of SNARE
formation and action in terms of time, energy, space, and
geometry. Formation of the trans-SNARE complex is
presumably the core event underlying diverse fusion events
and serves as the converging point for various regulatory
processes. More regulators of SNAREs are expected to be
identified and understanding their precise roles and mech-
anisms of action are essential to link up vesicle fusion with
the rest of the cellular regulatory networks. The role of
many other SNAREs at the organism level, explored
through gene ablation approach with comprehensive assess-
ment of diverse developmental and physiological processes,
will provide more precise understanding of SNARE
functions under physiological settings. Small chemicals that
selectively modulate the interaction of SNAREs and their
regulators, or even SNARE complex formation, should
prove useful as tools to reversibly perturb the action and
regulation of SNAREs in intact cells. This approach will not
only allow us to gain further insights into the SNARE
function but also provide a foundation for regulating cellular
and physiological processes that are governed by SNAREs.
The emerging interface (Chemical Biology) between bio-
logy and chemistry will definitely facilitate this process.
More genetic analysis of human diseases is likely to uncover
new associations of loss or partial loss of function of
SNAREs and their regulators in connection with diseases.
More exciting new discoveries in structural, molecular,
mechanistic, biophysical, regulatory, and conceptual aspects
of SNAREs and regulators will advance our understanding
of their cellular, developmental, and physiological roles.References
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